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The chondroitin sulfate proteoglycan (CSPG) aggrecan forms link protein-stabilised 
complexes with hyaluronan (HA), via its N-terminal Gl-domain, that provide cartilage with 
its load bearing properties. Similar aggregates (potentially containing new members of the 
link protein family), in which other CSPGs (i.e., versican, brevican and neurocan) substitute 
for aggrecan, may contribute to the structural integrity of many other tissues including skin 
and brain. In this thesis, cartilage link protein (cLP) and the Gl-domains of aggrecan (AGl) 
and versican (VG1) were expressed in Drosophila S2 cells, purified to homogeneity and 
functionally characterised. The recombinant human proteins were found to have properties 
similar to those described for the native molecules. For example cLP formed dimers, and HA 
decasaccharides (HA 10-mers) were the minimum size that could compete effectively for 
their binding to polymeric HA. In addition, gel filtration and protein cross-linking/MALDI- 
TOF peptide fingerprinting showed that cLP and AGl interact in the absence or presence of 
HA. Conversely, cLP and VG1 did not bind directly to each other hi solution yet formed 
ternary complexes with HA24. TV-linked glycosylation of VG1 and AGl was demonstrated to 
be unnecessary for either HA binding or the formation of ternary complexes. Additionally, 
the length of HA required to accommodate two Gl-domains was found to be significantly 
larger for aggrecan than versican, which may reflect differences hi the conformation of HA 
stabilised on binding these proteins. To further investigate protein-HA interactions, 
fluorescent HA oligosaccharides were prepared and characterised. HA oligosaccharides 
labelled with the fluorophore 2-aminobenzoic acid (2AA) from four to 40 residues hi length 
were purified to homogeneity by ion exchange chromatography using a logarithmic gradient. 
Molecular weight and purity characterisation of HA oligosaccharides was facilitated by 2AA 
derivitisation since it enhanced signals in MALDI-TOF mass spectrometry and improves 
fluorophore-assisted carbohydrate electrophoresis (FACE) analysis by avoiding the inverted 
parabolic migration characteristic of 2-aminoacridone (AMAC) labelled sugars. The small 
size and shape of the fluorophore maintains the biological activity of the derivatised 
oligosaccharides, as demonstrated by their ability to compete for polymeric hyaluronan 
binding to VG1, AGl and cLP. An electrophoretic mobility shift assay was used to study 
VG1 binding to 2AA-labelled HA 8-, 10-, 20-, 30- and 40-mers and although no stable VG1 
binding was observed to labelled 8-mers, the equilibrium dissociation constant (100 nM) for 
VG1 with HA 10-mers was estimated from densitometry analysis of the free oligosaccharide. 
Interactions involving 2AA labelled HA 20-, 30-, and 40-mers with VG1 also displayed 
positive cooperativity. Therefore, oligosaccharides labelled with 2-aminobenzoic acid are 
biologically active and show excellent potential as probes in fluorescence-based assays that 
investigate protein-carbohydrate interactions.
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Chater 1 Introduction

1 Introduction

1.1 Glycosaminoglycans

Glycosaminoglycans (Figure 1.1), important constituents in the extracellular matrix 

(ECM), are composed of linear repeating disaccharide backbones containing either 

the amino sugar derivative glucosamine or galactosamine (Jackson et al 1991). 

Therefore, glycosaminoglycans (GAGs) can be separated into two groups, the 

galactosaminoglycans, which include chondroitin sulphate, and its epimerised 

homologue dermatan sulphate (Trowbridge and Gallo 2002; Kusche-Gullberg and 

Kjellen 2003) or the glucosaminoglycans, which include keratan sulphate, heparan 

sulphate, heparin and hyaluronan (Laurent and Fraser 1992; Funderburgh 2000; Esko 

and Lindahl 2001).

H GlcNAc |
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| GalNA

———— ft
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4 6N~ 1
3 2(N)

6
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32 32

Figure 1.1 The polysaccharide backbones of a) hyaluronan, b) chondroitin sulphate, c) dermatan 
sulphate, d) heparin, e) heparan sulphate and f) keratan sulphate. Heparan sulphate is 
distinguished from heparin by the level and pattern of sulphation where heparin (primarily 
produced in mast cells) is more highly sulphated (Wedemeyer et al. 2000). This figure was 
provided by Dr. Anthony J. Day.
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Glycosaminoglycan structure can also differ on the type of linkages (i.e., a or P), and 

the degree of sulphation or epimerisation; glucuronic acid can be epimerised to 

iduronic acid in heparin/heparan sulphate and dermatan sulphate, respectively (Figure 

1.1). Additionally, almost all GAGs are found covalently linked to a core protein 

creating proteoglycans (lozzo 1998) that have various functions in the extracellular 

matrix ranging from mechanical support to cellular adhesion, proliferation and 

differentiation (Hardingham and Fosang 1992; lozzo 1998; Perrimon and Bernfield 

2000).

1.2 Hyaluronan

1.2.1 Structure and properties

Hyaluronan (HA) was first described in the vitreous of the eye (Meyer and Palmer 

1934) before its precise structure consisting of repeating D-glucuronic acid and N- 

acetyl-D-glucosamine linked by alternative pi-3 and pl-4 linkages (Figure 1.2) was 

reported 20 years later (Weissmann and Meyer 1954). Hyaluronan is distinct from 

other glycosaminoglycans in that it is not found covalently attached to a core protein, 

sulphated or epimerised rendering its structure the simplest of all the 

glycosaminoglycans. Depending on the tissue source, the polymer usually consists of 

2500-25000 disaccharides, giving rise to molecular weights ranging from 106 to 107 

Daltons and extended lengths of 2-25 ^im (Laurent and Fraser 1992). HA as a 

polymer in physiological solution is best described as a stiffened and expanded 

random coil due to hydrogen bonding of adjacent sugar units and mutual repulsion 

between carboxyl groups (Laurent et al. 1960; Laurent and Fraser 1992; Hardingham 

2004). However, HA never forms stable gels even with increasing concentration
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indicating the absence of stable chain-chain self association (Almond et al. 1998a). 

Therefore, hyaluronan is highly dynamic in solution which may influence its 

interactions with proteins (Day and Sheehan 2001; Blundell et al. 2004b).

GlcUA p l->3 GlcNAc
Figure 1.2 The disaccharide structure of hyaluronic acid showing the 0 (1 >3) linkage 
between D-glucuronic acid (GlcUA) and Af-acetyl-D-glucosamine (GlcNAc) residues.

1.2.2 Distribution, synthesis and degradation

Hyaluronan (HA) is found in all vertebrates and is a major constituent in the vitreous 

of the human eye, the synovial joint fluid, and the extracellular matrices of cartilage 

and brain (Fraser et al. 1997). It is also expressed in the matrix produced by the 

cumulus located around the oocyte, prior to ovulation (Fraser et al. 1997; Tammi et 

al. 2002). However, the largest amount of HA resides in the skin, where it is present 

in both the dermis and epidermis (Fraser et al. 1997). Hyaluronan is also a found in 

the glycocalyx of some strains of bacteria such as Streptococci, where it can act as a 

host defence mechanism (DeAngelis 1999, 2002). In addition to being found in the 

extracellular space of tissue, HA is also found intracellular where it is involved in 

growth regulation (Evanko and Wight 1999; Hascall et al. 2004). HA is unique from 

other glycosaminoglycans because it is synthesised by an HA synthase (HAS) at the 

inner face of the plasma membrane by addition of new sugar units to the reducing end 

of the polymer (Philipson and Schwartz 1984; Prelim 1984; Weigel 2004). The 

advantage of hyaluronan synthesis at the cell membrane is that HA can be
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simultaneously assembled and extruded through the membrane into the extracellular 

space, which allows huge molecular weight polymers to be produced that would 

otherwise be limited in size by the constraints of Golgi or post-Golgi compartments 

(Weigel et al. 1997). Three highly conserved mammalian HA synthase genes (HAS1, 

HAS2 and HAS3) have been characterised (Weigel et al. 1997; Spicer and McDonald 

1998) where each gene product has been reported to differ in catalytic activity (Itano 

et al. 1999) and production of polymer length (Spicer and McDonald 1998). Of the 

three enzymes HAS2 is the major HA synthase implicated in development since mice 

lacking HAS2 are embryonic lethal while HAS3 and HAS1 knockouts survive 

(Camenisch and McDonald 2000). Hyaluronan turnover in the body is remarkably 

high (~ 5 g/day (Fraser et al. 1997)). HA is endocytosed in the liver by endothelial 

cells and then catabolised in the lysosome by three enzymes, a hyaluronidase and two 

exoglycosidases (6-glucuronidase and fi-W-acetyl glucosamindase) that remove sugars 

sequentially from the non-reducing termini (Laurent and Fraser 1992; Stem 2003; 

Stern 2004). The human genome contains six hyaluronidase-like genes, HYAL1, 

HYAL2, HYAL3, HYAL4 and PH-20/SPAM1 with one pseudogene HYALP1 

(Csoka et al 2001). The two major mammalian hyaluronidases (Hyal-1 and Hyal-2) 

act in concert to degrade high molecular weight hyaluronan to the tetrasaccharide 

level and can regulate HA size in tissue (Csoka et al 2001). This is important because 

HA can have different biological activities, depending on polymer size where it has 

been reported that high and low molecular weight HA have opposite effects. For 

example, high molecular weight (106- 107 Da) hyaluronan chains are space filling 

molecules which hydrate tissues, and inhibit proliferation, inflammation and 

angiogenesis (Camenisch and McDonald 2000; Termeer et al 2003). In contrast low 

molecular weight HA oligosaccharides (~ 1-10 kDa) can trigger signalling cascades
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and cause changes in cell behaviour including stimulation of angiogenesis, and 

inflammation (Noble et al 1996; Slevin et al 1998; Horton et al. 1999; Termeer et al. 

2003). Low molecular weight HA oligosaccharides (HA 4-10-mers) have also been 

shown to suppress tumour growth (Toole 2004). Therefore, it has been proposed that 

larger HA polymers protect the cell from access to the small HA oligosaccharides 

thereby suppressing stress responses and signalling cascades. (Camenisch and 

McDonald 2000; Termeer et al 2003).

1.2.3 Hyaluronan in disease states

Given the high rate of HA turnover in tissue and the differential effects that high and 

low molecular weight HA has on cellular behaviour it is apparent that the mechanisms 

which control HA synthesis and degradation are of critical importance in 

physiological homeostasis. For example, an increase in hyaluronan expression is 

observed during ovulation where HA is responsible for forming a pericellular matrix 

around the oocyte, a process known as cell-oocyte complex (COC) expansion, which 

facilitates ovulation and fertilisation (Salustri et al 1999). Changes in hyaluronan 

expression are also involved in the progression of disease states where the abnormal 

metabolism and catabolism of hyaluronan are associated with arthritis (Engstrom- 

Laurent 1989; Scher et al. 1996), vascular disease (Wight and Merrilees 2004) and 

cancer (Toole 2002; Toole 2004); almost all types of tumours are associated with an 

increased level of hyaluronan expression (Toole and Hascall 2002; Toole 2004). 

Furthermore, inhibiting HAS gene products significantly reduced prostate tumour size 

in mice (Simpson et al 2002) and loss of HYAL-1 activity has been shown to 

promote tumour metastasis (Csoka et al. 2001). Therefore, it seems that the ability of 

HA to influence cellular proliferation, migration and adhesion via its interactions with
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HA-binding proteins might contribute to the malignancy and survival of several 

cancers (Toole 2002).

1.3 The hyaluronan-binding proteins: structure and function

1.3.1 Link module superfamily

Although HA is a simple polysaccharide it has diverse functions hi vertebrates mainly 

due to its ability to interact with different HA-binding proteins (termed hyaladherins 

(Toole 1990)). Over the last few years much progress has been made in our 

understanding of the structural basis of HA-protein interactions (Day and Sheehan 

2001; Day and Prestwich 2002; Blundell et al. 2004b). For example, the majority of 

HA-binding proteins contain a common structural domain of approximately 100 

amino acids, termed the Link module (also referred to as a proteoglycan tandem 

repeat, (Kohda et al, 1996, Blundell et al. 2003)). Figure 1.3 shows the domain 

structures for the members of the Link module superfamily, which currently has 14 

members and the majority of these contain a variety of other domain types. It has been 

suggested that the Link module superfamily can be divided into three subgroups 

(Figure 1.4) according to the known or expected size of their HA-binding domains 

(Day 1999; Day and Prestwich 2002; Blundell et al 2004b). For instance Type A 

domains comprise a single independently folded Link module which can support high 

affinity HA binding as found in the protein product of tumour necrosis factor 

stimulated gene-6 (TSG-6); see Blundell et al 2003. Type B domains, however, 

require N-and C-terminal extensions flanking the Link module for the correct folding 

and functional activity, which is exemplified by the -150 amino acid HA-binding 

domain of CD44 (Teriete et al 2004).
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Figure 1.3 The domain organisation of the Link module superfamily. The symbols depicting the 
various modules are derived from the SMART datatbase (http://smart.embl-heidelberg.de/). This figure 
was reproduced from Bhmdell CD, Seyfried NT and Day AJ (2004).
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Type Protein Binding Domain Structure

B

TSG-6

CD44

Link protein
Aggrecan
Versican

lOOaa

150aa

Ig Link Link ~330aa No 3D structure

Figure 1.4 Members of Link module superfamily can be divided into three subgroups according to the 
known or expected size of their HA-binding domains (Day 1999; Day and Prestwich 2002). Tertiary 
structures have been determined for the Type A (Blundell et al. 2003) and Type B (Teriete et al. 2004) 
domains. However, there is currently no structural data for the Type C domains. Figure adapted from 
Blundell CD, Seyfried NT and Day AJ (2004).

The third class, Type C domains, contain an N-terminal immunoglobulin fold (Ig) 

followed by two contiguous Link modules as found in cartilage link protein and 

members of the chondroitin sulphate proteoglycan (CSPG) family, (i.e., aggrecan, 

versican, neurocan and brevican). The structure and biological function of 

superfamily members for each domain class are covered in detail below.

1.3.1.1 Type A domains

The HA-binding properties TSG-6 are probably the best characterised of any member 

of the Link module superfamily. TSG-6, a ~35 kDa secreted protein is comprised 

almost entirely of a Link module and CUB module (Wisniewski and Vilcek 1997; 

Milner and Day 2003). Its expression is not constitutive in adult tissues but induced in 

response to inflammatory mediators and growth factors (Wisniewski and Vilcek 1997;

8
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Milner and Day 2003; Wisniewski and Vilcek 2004). The tertiary structure of the 

Link module from human TSG-6 (Link_TSG6) was determined by NMR 

spectroscopy in solution and has defined the consensus fold for the entire superfamily 

(Kohda et al. 1996; Blundell et al. 2003). The Link module, comprised of two a- 

helices and two triple stranded anti-parallel (3-sheets arranged around a large 

hydrophobic core, was found to have a very similar fold to that of the C-type lectin 

module from which it may have evolved (Drickamer 1999; Blundell et al 2003). The 

critical residues involved in HA binding have been mapped in Link_TSG6, which 

include Lys11 , Tyr12 , Tyr59, Phe70 and Tyr78 (Mahoney et al. 2001b). Other members 

of the Type A subgroup potentially include the HA receptors stabilin-1 and stabilin-2 

(Zhou et al. 2000; Politz et al. 2002); recent molecular modelling indicates that they 

may have Type B domains (discussed below) with N- and C- terminal sequences 

composed of two halves of an EOF domain (Blundell CD and Day AJ, unpublished). 

Both genes code for homologous transmembrane proteins (-40 percent ammo acid 

identity) that contain one Link module, seven fasciclin-like adhesion domains and 

multiple EGF/EGF-like domains (Figure 1.3). Since both are expressed hi the liver 

and lymph nodes it has been suggested that they function as receptors for HA 

clearance (Zhou et al. 2000; Politz et al. 2002). Stabilin-2 is also related to the 190 

kDa subunit of human HARE, the Hyaluronan Receptor for Endocytosis (Zhou et al. 

2003). HARE is specific for both HA and chondroitin sulphate clearance in the liver 

and lymph nodes (Weigel and Weigel 2003). It must be noted that Stabilin-1 does not 

bind HA (Prevo et al. 2004). In addition, the binding properties of KIA0527 (Figure 

1.3), cloned from brain tissue (Nagase et al. 1998), is still uncertain (Mahoney et al. 

200 Ib).
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1.3.1.2 Type B domains

Recently the solution structure and crystal structure for the Type B HA binding 

domain of CD44 has been determined (Teriete et al. 2004). This structure revealed 

that the N- and C-terminal extensions that flank the Link module come together in 

space to form an additional lobe, comprised of p-strands that extend the Link module 

(5-sheet structure (Figure 1.4). A second protein also reported to have N- and C- 

terminal extensions is the Lymphatic Vessel Endothelial HA receptor or LYVE-1 

(Jackson et al 2001; Jackson 2003), which is primarily expressed on lymphatic 

endothelial cells (Banerji et al. 1999). LYVE-1, which shares 43 % homology with 

CD44, is capable of internalising HA after binding. Therefore, it has been suggested 

to be involved in the transport of HA from tissue to lymph (Prevo et al. 2001). The 

LYVE-1 HA binding domain is likely to be significantly smaller than that of CD44 

due to a shorter C-terminal extension (Teriete et al. 2004). As described above 

Stabilin-1 and -2 may also contain an extended Link module.

1.3.1.3 Type C domains

The largest HA binding domain (-330 amino acids) is the Type C domain, which is 

found in cartilage link protein, where the Link module was first identified from rat 

chondrosarcoma (Neame et al. 1986). Previous studies have shown that with link 

protein both Link modules are involved in the interactions with HA (Goetinck et al. 

1987; Grover and Roughley 1994). The full length link protein has the same domain 

organisation as the Gl-domain domain of the CSPGs aggrecan, versican, neurocan 

and brevican (Figure 1.3 and 1.4), which suggests that they share a common ancestral 

gene (Spicer et al. 2003). Similar to cartilage link protein, studies on aggrecan have
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also shown that both Link modules in the Gl-domain are required for HA binding 

(Watanabe et al, 1997a). In addition, the immunoglobulin domain has been reported 

to enhance the binding of aggrecan to HA compared to just the double link modules 

alone (Watanabe et al. 1997a). To date there is no high resolution structure for the 

Type C HA-binding domain.

1.3.2 Non-Link module HA-binding proteins

A number of HA-binding proteins have been identified that lack a Link module 

domain and are unrelated to each other at the primary sequence level. For example, 

inter-a-inhibitor (lal) a serine protease inhibitor found in serum, was found to be 

covalently associated with HA in rheumatoid arthritis fluid (Sandson et al. 1965). 

More recently it has been shown to stabilise the cumulus via covalent interactions 

with HA during ovulation (Bost et al. 1998; Day AJ et al. 2004). Other proteins that 

have been reported to bind HA but do not contain a Link module are the HA-binding 

protein known as HABP-1 or P-32 (Deb and Datta 1996), the receptor for HA- 

mediated cell motility (RHAMM) (Yang et al. 1994; Cheung et al. 1999) and the 

human interphotoreceptor matrix receptor SPACRCAN (Acharya et al. 2000; Chen et 

al. 2004). It has been proposed that linear sequences termed BX7B motifs (where B is 

either a lysine or arginine and X can be any amino acid other than acidic residues) 

might represent the minimum requirement for HA binding in RHAMM and other HA- 

binding proteins (Yang et al. 1994). However, there are few convincing data to 

indicate that they mediate hyaluronan binding in these proteins (Chen et al. 2004). 

Additionally, the spacing of basic amino acids is extremely common hi protein 

sequences (Day and Prestwich 2002). Therefore, the presence of a 8X76 motif should 

not be interpreted as an indicator that a protein will bind hyaluronan nor should it be

11



Chapter 1__________________________________Introduction

assumed that this is necessarily the site of hyaluronan binding activity in a known 

hyaladherin (Day and Prestwich 2002).

1.4 The Link protein family

The first complete amino acid sequence of cartilage link protein (cLP) was that 

determined from protein isolated the rat chondrosarcoma (Neame et al 1986) 

followed by the human sequence (Dudhia and Hardingham 1990). Human cartilage 

link protein is -96 % homologous to that of the rat and porcine protein (Neame and 

Barry 1993). Link protein is an extracellular glycoprotein, initially characterised hi 

cartilage, with a molecular mass of 40-48 kDa (Oegema et al. 1975). Three forms of 

the protein from cartilage have been identified and shown to arise through differences 

in AMinked glycosylation and proteolysis (Neame and Barry 1993). The largest, 

termed LP1, has two TV-linked oligosaccharides, whereas LP2 and LP3 have a single 

glycan and, additionally, LP3 lacks the first 16 amino acids (Mort et al 1983). Link 

protein in cartilage, stabilises the interaction of aggrecan with hyaluronan, forming 

large multimolecular aggregates that are highly hydrated and give the tissue its load 

bearing properties (Hardingham and Fosang 1992) discussed in more detail in section 

1.6. Immunochemistry with anti-cLP antibodies indicated that cLP is widely 

expressed (Gardell et al. 1980; Ripellino et al. 1989). Recently, two distinct brain link 

proteins termed BRAL1 and BRAL2 (sharing ~ 45 % homology with cLP) have also 

been identified (Hirakawa et al 2000; Bekku et al 2003). This lead to the 

identification of a human link protein gene family consisting of four members denoted 

'HAPLN' or HA and Proteoglycan LiNk protein family (Spicer et al 2003) where in 

this new nomenclature cLP is renamed HAPLN-1 and the two brain specific link
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proteins (BRAL1 and BRAL2) correspond to HAPLN-2 and HAPLN-4, respectively 

(Figure 1.3). HAPLN-3 was also reported to be the most widely expressed link 

protein by Northern and tissue array analyses (Spicer et al. 2003). Each link protein 

gene was found to be located immediately adjacent to one of the four CSPG genes 

forming HAPLN-1/versican, HAPLN-2/brevican, HAPLN-3/aggrecan and HAPLN- 

4/neurocan gene pairs (Nomoto et al. 2002; Czipri et al. 2003; Spicer et al. 2003). 

The four encoded HAPLN proteins share 45-52 % overall amino acid identity where 

the least amount of similarity is seen in the immunoglobulin domain (Spicer et al. 

2003). The critical importance of link protein in development is exemplified by 

knockout studies. Most cartilage link protein deficient mice die shortly after birth due 

to respiratory failure, which is believed to be a consequence of insufficient cartilage 

function hi the upper respiratory tract (Watanabe and Yamada 1999). Those that 

survived developed progressive dwarfism and lordosis of the cervical spine.

1.5 The CSPGs: aggrecan, versican, neurocan and brevican

1.5.1 Aggrecan

Aggrecan is a large macromolecule with a protein core size of 225-250 kDa that is 

crucial in the extracellular matrix of cartilage where its function is distributing load in 

weight bearing joints (Bayliss 1990; Hardingham et al. 1994; Muir 1995). Aggrecan 

can also be found expressed in the developing brain and heart (Schwartz et al 1996; 

Zanin et al. 1999). The primary structure of human cartilage aggrecan has been 

cloned and sequenced (Doege et al. 1991).
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Figure 1.5 Aggrecan contains three globular domains (Gl, G2, G3) and a two extended regions: The 
interglobular domain (IGD) and glycosaminoglycan attachment domain, which is composed of a 
variable keratan sulphate rich region and two chondroitin sulphate regions (CS-1 and CS-2). The 
domain structure of link protein is also shown, which is similar to the aggrecan Gl domain. This figure 
was taken from a glycoforum web article by Hardingham (1998). 
See http://www.glycoforum.gr.jp/science/hyaluronan/HA05/HA05E.html.

Approximately 90 % of the mass of aggrecan is composed of glycosaminoglycans, 

predominantly chondroitin sulphate with some keratan sulphate in addition to N- and 

O-linked oligosaccharides bound covalently to the core protein (Figure 1.5). A fully 

glycosylated aggrecan molecule may contain up to 100 chondroitin sulphate and 30 

keratan sulphate side chains giving the proteoglycan a mass of >2 MDa. (Hardingham 

and Fosang 1992). Aggrecan has three globular domains the Gl, G2 and G3 domains 

(Figure 1.5). The Gl and G2 each contain two contiguous Link modules, where those 

in the G2 do not show any HA-binding activity (Fosang and Hardingham 1989). The 

G3 domain contains an EGF domain followed by a carbohydrate recognition domain 

(C-type lectin domain) and a complement control protein (CCP) domain at the C- 

terminus (Figure 1.5). In aggrecan mRNA, alternative splicing may result in the 

deletion of the EGF domain and the CCP domain (Baldwin et al 1989; Doege et al. 

1991). However, most transcripts in human cartilage lack the EGF domain, but 

contain the CCP domain (Grover and Roughley 1993). It has been shown that the G3 

domain and more specifically the C-type lectin domain in aggrecan can interact with 

tenascin-C and -R, extracellular matrix proteins expressed in the central nervous
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system (Aspberg et al. 1997; Day et al. 2004). The G3 domain can also bind to 

Fibulin-1, -2 and -3 (Aspberg et al. 1997; Olin et al. 2001; Isogai et al. 2002), 

proteins with elongated structures and many EGF-like domains, which are found 

associated with microfibrils hi elastic fibers (Timpl et al. 2003). Therefore, 

hyaluronan and proteoglycan complexes can be found cross-linked through fibulins or 

tenascins in the extracellular matrix of various tissues (Lundell et al. 2004 and section 

1.6). The crucial role of aggrecan in extracellular matrix assembly is exemplified in 

cartilage matrix deficiency (cmd), an autosomal recessive disorder caused by a genetic 

defect of aggrecan, resulting in the absence of the proteoglycan in cartilage 

(Watanabe et al. 1997b). Homozygotes (—/—) are characterised by cleft palate and 

short limbs, tail, and snout. They also die just after birth because of respiratory failure 

(Watanabe et al. 1997b) similar to cLP deficient mice (section 1.4).

1.5.2 Versican

Versican was originally characterised as a large chondroitin sulphate proteoglycan 

expressed in the prechondrogenic mesenchymal of developing chick limb buds 

(Kimata et al. 1986). Versican displays a ubiquitous distribution in connective tissues. 

In most tissues the staining pattern of versican is similar to that of the elastic fiber 

network (Zimmermann et al. 1994; Bode-Lesniewska et al. 1996). The C-terminal 

portion of human versican was initially identified in fibroblasts (Krusius et al. 1987) 

and two years later the complete amino acid sequence was reported (Zimmermann 

and Ruoslahti 1989). Alternative RNA splicing occurs in the two large exons 

encoding the GAG attachment sites (aGAG or PGAG) resulting in four versican 

mRNA transcripts producing the VO, VI, V2 and V3 variants (Dours-Zimmermann 

and Zimmermann 1994; Wight 2002). The variants differ hi size and potential GAG
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attachment sites, where V3 has no GAGs attachment sites (Figure 1.6). Versican also 

shares similar properties to aggrecan in that it interacts with other extracellular matrix 

proteins such as tenascin R via the lectin-binding domain (Aspberg et al. 1997). This 

lectin binding domain participates in other interactions such as those with fibulin-1 

and fibulin-2 (Aspberg et al 1999; Olin et al. 2001), and fibrillin-1 (Isogai et al. 

2002). It has therefore been proposed that fibulin might serve as a bridge between 

versican and fibrillin, forming highly ordered multimolecular structures important to 

the assembly of elastic fibers (Wight 2002).

SI COOH

V2 Hyaluronan
Current Opinion in Cell Biobgy

Figure 1.6 A model of the different isoforms generated by alternative splicing of the mRNA transcript 
for versican. Different colours denote specific domains in the gene and in the protein product. Purple = 
hyaluronan binding region (Gl-domain); yellow = the a GAG exon and the protein product; red = P 
GAG exon and the protein product; green = two epidermal growth factor repeats (EE), a lectin binding 
domain (L) and a complement regulatory region (C), which make up the G3 domain. The GAG chains 
are shown in blue. This figure was reproduced from Wight 2002.

Like aggrecan, versican also has a crucial role in development. For example, the 

heart defect mouse (dhf) is a recessive lethal because the Cspg2 (versican) gene is 

disrupted resulting in death at embryonic day 10.5 indicating the importance of 

versican hi endocardia! cushion swellings and heart segmentation that gives rise to the 

right ventricle (Mjaatvedt ef a/. 1998).
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1.5.3 Neurocan and brevican

The chondroitin sulphate proteoglycans neurocan and brevican are specifically 

expressed in the central nervous system (Yamaguchi 2000; Rauch 2004). Neurocan 

was originally cloned from rat brain (Rauch et al. 1991) and is developmentally 

regulated with regards to mass, concentration, carbohydrate composition, sulphation 

and localisation (Rauch et al. 1992); it accounts for almost 20 % of total brain 

proteoglycan during early development. Neurocan has a core protein with a 

molecular mass of ~300 kDa and 3-4 potential chondroitin sulphate attachment sites 

(Margolis and Margolis 1994). Similar to the G3 domain of versican, neurocan has 

two epidermal growth factor domains, a C-type lectin domain, and a CCP-domain 

(Rauch et al. 1992). In the extracellular matrix of the brain, neurocan has been shown 

to interact with tenascin R and C (Grumet et al. 1994; Aspberg et al. 1997; Rauch 

2004), the neural cell adhesion molecule (N-CAM) and neuron glial cell adhesion 

molecule (Rauch 2004). Soluble neurocan was also found to inhibit neural adhesion 

and neuron outgrowth in vitro and therefore, was suggested to play an important role 

in axon guidance and neurite growth (Grumet et al. 1993; Friedlander et al. 1994). 

However, these interactions are clearly not crucial to successful development as 

knockout mice lacking neurocan show no defects and develop normally (Zhou et al. 

2001). The CSPG brevican was initially cloned by Yamada et al 1994. Like other 

members of the CSPG family, brevican contains a Gl domain and a G3 domain with 

an epidermal growth factor domain, a C-type lectin domain and a CCP-domain at the 

C-terminus (Figure 1.3). However, the central GAG-attachment region of brevican is 

much shorter than that of aggrecan, versican, or neurocan, and shows little homology 

with these proteoglycans (Yamada et al. 1994). The brevican core protein exists as a 

145 kDa full-length protein and an 80 kDa N-terminally truncated form. In addition, a
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significant amount of brevican lacks glycosaminoglycan chains indicating that 

brevican is a "part-time" proteoglycan (Yamada et al. 1994). Unlike other members of 

the CSPG family, brevican occurs in tissue as both secreted and 

glycosylphosphatidylinositol-anchored isoforms (Seidenbecher et al. 1995). The role 

of brevican in the extracellular matrix assembly of the brain is still unclear since 

brevican deficient mice show no defects and develop normally (Brakebusch et al. 

2002). However, these mice do have significant deficits in the maintenance of 

hippocampal long-term potentiation (LTP). Additionally, human gliomas (an 

aggressive form of brain cancer) show an increase in brevican expression, which may 

be a requisite for rumour invasion into the surrounding extracellular environment 

(Gary et al. 1998; Gary and Hockfield 2000).

1.6 The role of CSPGs and link protein in the extracellular matrix

Chondroitin sulphate proteoglycans are essential components of articular cartilage, the 

thin tissue that covers and protects bone surfaces from wear (Bayliss 1990; 

Hardingham and Fosang 1992; Muir 1995; Knudson and Knudson 2001). Articular 

cartilage has few cells (<5% of its volume) being composed mainly of extracellular 

matrix (Hardingham and Fosang 1992; Muir 1995; Knudson and Knudson 2001). The 

important biophysical properties of cartilage are the result of the composition of the 

extracellular matrix. Cartilage contains a dense network of fine collagen fibrils 

(mainly types II, VI, IX and XI), which are responsible for the form and tensile 

properties of the tissue (Muir 1995; Knudson and Knudson 2001). Hyaluronan can 

anchor itself to the chondrocytes cell surface through its interaction with CD44 

(Figure 1.7) and possibly other cell surface HA receptors that might be able to 

compensate for CD44 (Nedvetzki et al. 2004). However, it is the CSPGs, mainly
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aggrecan, together with cartilage link protein (HAPLN-1) and hyaluronan that form 

large multimolecular aggregates, which draw water into the tissue by osmosis and 

exert a swelling pressure on the collagen network that provides cartilage with its load- 

bearing properties (Figure 1.7). The first evidence for the involvement of hyaluronan 

in aggregate formation was discovered by Hardingham and Muir 1972. They found 

that the viscosity of a proteoglycan (aggrecan and link protein) solution dramatically 

increased with the addition of a small amount of hyaluronan (~1 %). The 

proteoglycan aggregate, referred to as a ternary complex, was also extensively 

characterised by Hascall and Heinegaard 1974a, where they estimated that the ratio of 

aggrecan to link protein was approximately 1:1.

Chondrocyte pericellular matrix

Chondrocvle CD44

Figure 1.7 A schematic representation of the chondrocyte extracellular matrix (left) in cartilage where 
alternating arrays of aggrecan and link protein molecules are found bound to a core hyaluronan filament, 
which can be anchored to the cell surface by CD44. This figure was taken from a glycoforum web article 
by Day (2001). See http:www.glycoforum.gr.jp/science/hyaluronan/HA16/HA16E.html. Electron 
micrographs (right) depicting a hyaluronan filament densely packed with up to 200 aggrecan and link 
protein molecules (Buckwalter and Rosenberg 1982). This figure was taken from a glycoforum web 
article Hardingham (1998). See http://www.glycoforum.gr.jp/science/hyaluronan/HA05/HA05E.html.

This was later substantiated by the work of Faltz et al. 1979. It was also proposed that 

the role of link protein in these complexes was to stabilise the interaction of aggrecan 

to HA possibly by bridging the proteoglycan and the hyaluronan chain (Hascall and
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Heinegaard 1974a). Link protein effectively locks each proteoglycan to HA to form 

essentially an un-dissociable complex under physiological conditions (Hardingham 

1979; Tang et al 1979) due to the cooperative interactions of cLP with aggrecan and 

HA. This interaction between cLP and aggrecan is thought to be mediated via the Ig 

domains, whilst their Link modules bind to hyaluronan (Perm et al. 1987; Grover and 

Roughley 1994; Matsumoto et al. 2003). Similar aggregates containing one of four 

link proteins (HAPLN-1, 2, 3 and 4) and other members of the CSPG family 

(versican, neurocan or brevican) are likely to contribute to the structural integrity of 

many other tissues including brain (Yamaguchi 2000) and aorta (Wight and Merrilees 

2004). This is interesting in light of the recent work showing the co- 

expression/localisation of different HAPLNs with CSPGs. For example cLP 

(HAPLN-1), which is expressed early hi the developing brain (Ripellino et al. 1989; 

Rauch et al. 1991) has been identified in neurocan preparations from rat brain with 

the monoclonal antibody 8A4 (Rauch et al. 1991); HAPLN-1 has also been shown to 

interact with neurocan in vitro (Rauch et al. 2004). In addition, the brain link protein 

HAPLN-2 was found co-localised with the versican V2 splice variant in the brain 

(Oohashi et al. 2002). Therefore, the presence of ternary aggregates consisting of HA, 

with neurocan/HAPLN-1 or versican/HAPLN-2 has been proposed by Rauch 2004 

(Figure 1.8). Interactions between CSPGs with tenascin-C and -R, which contribute 

to the structural organisation of brain tissue, are also schematically portrayed (Figure 

1.8 and section 1.5). The diversity in the interactions between CSPGs and members of 

the link protein family is not restricted to brain. For example, in smooth muscle 

HAPLN-3 and versican have also been observed co-localised (Ogawa et al. 2004), 

suggesting that together with hyaluronan, they may contribute to the structural 

assembly of this tissue.
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Figure 1.8 Developmental changes in the expression of chondroitin sulphate proteoglycans, tenascins 
and link proteins (HAPLNs) in brain (Rauch 2004). Characteristic molecules of the early developing 
brain are versican (VI), neurocan, tenascin-C and cartilage link protein. Characteristic molecules of the 
mature brain are versican (V2), brevican, aggrecan, tenascin-R and brain link proteins. Due to their 
polyvalency, tenascins are able to interconnect and cross-link CSPG-hyaluronan aggregates. This 
figure was modified from Rauch (2004),

Therefore, it appears that a wide range of aggregates containing one of four HAPLNs 

and CSPGs can be formed and contribute to the structural integrity of many different 

tissues as exemplified in brain (Figure 1.8). Clearly, a better understanding of the 

temporal expression between members of the link protein family, CSPGs and HA will 

be important in understanding differences in tissue specific extracellular matrix 

assembly.
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1.7 Aim and rationale for this project

Interactions between chondroitin sulphate proteoglycans with members of the link 

protein family and hyaluronan play a crucial role in the formation and stability of the 

extracellular matrix in various tissues. Therefore, information on the exact molecular 

basis of these interactions is essential if we are to understand the organisation of 

healthy tissue and how this changes in disease states. The aim of this project was to 

purify and functionally characterise human recombinant cartilage link protein (cLP) 

and the Gl-domains of aggrecan (AG1) and versican (VG1) (previously expressed by 

McVey 2002)). The ultimate goal of this research is to use these recombinant proteins 

and defined hyaluronan oligosaccharides to reconstruct ternary aggregates for 

structural determination. This will provide novel information on the structural 

organisation of cartilage and may facilitate attempts to repair cartilage by tissue 

engineering.
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2 Materials and methods

2.1 Chemicals and materials

HEPES, MES, guanidine-HCl, tricine buffers, rooster comb hyaluronan, and Tween- 

20 and general lab chemicals were all purchased from Sigma Aldrich. Tris buffer was 

purchased from Calbiochem. Sodium acetate and acetonitrile were from Riedel-de- 

Haen and trifluoroacetic acid (TFA) from Pierce. The EDTA, sodium carbonate, 

glycerol, SDS, Urea, and NaCl were all purchased from VWR International. 

ProtoFlowGel (30 % (w/v) acrylamide, 0.8 % (w/v) bisacrylamide) was purchased 

from National Diagnostics, UK. The biotinylated rooster comb hyaluronan used in 

microtirre plate assays and the defined HA oligosaccharides used in Chapters 3 and 4 

were prepared as described in Mahoney et al. 200Ib and Mahoney et al. 200la, 

respectively and provided by Dr. David Mahoney (MRC Immunochemistry Unit, 

University of Oxford). Medical grade hyaluronan was purchased from Genzyme 

Corporation, MA. Ovine testicular hyaluronidase was purchased from Calbiochem, 

where one unit (U) is defined as the amount of enzyme that will cause the same 

turbidity reduction as 1.0 unit of International Standard Preparation. The 2- 

aminobenzoic acid and sodium cyanoborohydride were purchased from Sigma 

Aldrich, and ammonium acetate from Fluka Chemicals.

2.2 General Methods

2.2.1 SDS-PAGE

Protein samples were analysed by Tris/Tricine SDS-PAGE essentially as described by 

Schagger and von Jagow 1987. Using a Bio-Rad Miniprotean II electrophoresis 

system, 10 % (w/v) acrylamide resolving gels (7 cm x 8 cm) and 4% (w/v) acrylamide

23



Chapter 2 Materials and methods

stacking gels (1 cm x 8 cm) were prepared as described in Table 2.1. Samples were 

typically resuspended into protein sample buffer (PSB) containing p-mercaptoethanol 

(125 mM Tris-HCl, 6 % v/v SDS, 20 % v/v glycerol, 10 % v/v P-mercaptoethanol, 

0.02 % bromophenol blue pH 6.8) boiled for 5 min and run at 80 mA for 1.5 h using 

anode (0.2 M Tris-HCl, pH 8.9) and cathode (0.1 M Tris, 0.1 M Tricine, 1 % (w/v) 

SDS, pH 8.25) buffers. Pre-stained SeeBlue® Plus2 protein standards (Invitrogen) or 

low range SDS-PAGE standards (BioRad) were used as molecular weight markers 

(Table 2.2). To visualise protein, gels were stained with 1 % (w/v) coomassie brilliant 

blue R (Sigma Aldrich) in 40 % (v/v) ethanol and 10 % (v/v) acetic acid for 1 h and 

then de-stained in 7 % (v/v) acetic acid and 10 % (v/v) ethanol overnight.

Table 2.1: Compositions of resolving gel and stacking gel in SDS-PAGE

Gel solutions 10 % Resolving Gel 4 % Stacking Gel

30 % (w/v) Acrylamide Solution
Water

50 % glycerol 
3x Gel buffer3

10 % ammonium persulphate 
TEMED

3.33 ml
1.21 ml
2.12ml
3.33ml
100 ul
10 ul

0.40ml 
1.95ml

0.78 ml 
50 ul 
6

3 M Tris-HCl, 0.3 % (w/v) SDS pH 8.45

Table 2.2: Molecular weight markers

SeeBlue® Plus2
Phosphorylase B 

Bovine Serum Albumin 
Glutamic Dehydrogenase 
Alcohol Dehydrogenase 

Carbonic Anhydrase 
Myoglobin Red 

Lysozyme

Apparent MW (kDa)
105 
78 
55 
45 
34 
17 
16

Bio-Rad Low Range Standards
Phosphorylase B 

Bovine Serum Albumin 
Ovalbumin 

Carbonic Anhydrase 
Trypsin Inhibitor 
Myoglobin Red

Apparent MW (kDa)
97 
66
45 
31 
22 
14
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2.2.2 Preparation of non-reduced/alky lated and reduced/alkylated SDS-PAGE 
samples

For reduced samples, 1 volume of protein sample and 1 volume of 200 mM Tris, 8 M 

Urea, 2 % (w/v) SDS, pH 8.8 (Tris-SDS-Urea) containing 6.2 mg/ml dithiothreitol (20 

mM final concentration) were incubated for 30 min at 37 °C. Then 0.2 volumes of 

Tris-SDS-Urea, containing 83 mg/ml iodoacetamide (41 mM final concentration), 

were added and incubated for 5 min at 37 °C. For non-reduced samples, 1 volume of 

sample and 1.2 volumes Tris-SDS-Urea, containing 13.8 mg/ml iodoacetamide (41 

mM final concentration), were incubated for 30 min at 37 °C. Bromophenol blue (0.1 

volumes) was added to the samples as a marking dye. The samples were boiled for 5 

minutes and loaded onto a 10 % (w/v) acrylamide gel and run as described in section 

2.2.1.

2.2.3 Amino acid analysis and N-terminal sequencing

All amino acid analysis and N-terminal protein sequencing was performed by Mr. 

Antony C. Willis (MRC Immunochemistry Unit, Department of Biochemistry, 

University of Oxford). Amino acid analysis (Heinrikson and Meredith 1984), was 

performed using an Applied Biosystems 420A derivatiser/analyser with an on-line 

narrow bore high performance liquid chromatography system (Applied Biosystems) 

to determine protein concentrations. Each protein sample was run in triplicate and the 

average value for amino acids Ala, Phe and Val, which represent mole percents of 7.1, 

5.3 and 7.4 in cLP, 9.0, 2.7, and 8.1 in AG1 and 8.5, 4.5 and 9.4 in VG1, respectively 

were used to determined the number of moles per sample. From this, the protein 

concentrations were determined using the theoretical molecular mass of 37162 Da for 

AG1, 38480 Da for cLP and 36546 Da for VG1. Automated edman degradation was
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performed for N-terminal sequencing using an Applied Biosystems 470 gas-phase 

sequencer with on-line PTH analysis for 15 cycles. Liquid samples were applied to a 

glass-fiber disc pre-treated with polybrene and run using the standard program

provided by the manufacturer.

2.2.4 Determination of hyaluronan concentration

When necessary HA concentrations were calculated by the method of Blumenkrantz 

and Asboe-Hansen 1973. Briefly, 8 ug of HA oligosaccharides (6-, 8-, 10-, 12-mers) 

and rooster comb HA were diluted into 200 ul Milli-Q water, in glass pyrex test tubes 

on ice. To this 1.2 ml of 12.5 mM sodium tetraborate (final concentration) in 

concentrated sulphuric acid was added and the samples vortexed. Tubes were then 

heated in a dry block in a fume hood at 100 °C for 5 min and then cooled in ice. 

Biphenyl reagent (20 ul of 0.15 % m-hydroxybiphenol (w/v) in 0.5 % (w/v) NaOH 

was added to all tubes, vortexed and incubated on ice. Rooster comb standards were 

diluted jfrom a 10 mg/ml stock in water provided by Dr. Anthony Day prepared on the 

basis of dry weight. The amount of uronic acid was derived by linear regression 

analysis from the standard curve.

2.3 Vector construction and expression

The vector construction was carried out by Dr. Gillian McVey as described in McVey 

2002. The cLP coding sequence was amplified by PCR from a full-length human 

cartilage link protein plasmid (nucleotides 1-1062 in (Dudhia and Hardingham 1990), 

encoding amino acids 1-354); the forward and reverse primers were:

Forward 5' -TATGGTACCATGAGGAGTCTACTTCTTCTGG-3' 

Reverse 5' - AT ATCTAGATT ATC AGTTGT ATGCTCTG AAGC AG-3'
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The engineered Kpnl and Xbal restriction sites are underlined and the ATG start 

codon is in bold typeface. DNAs for the Gl domains from both human aggrecan 

(nucleotides 61-1119 in (Doege et al. 1991), encoding amino acids 1 to 353 of the 

preprotein) and human versican (nucleotides 267-1316 in (Zimmermann and 

Ruoslahti 1989), encoding amino acids 1 to 350 of the preprotein) were obtained by 

carrying out RT-PCR on total RNA extracted from human chondrocytes. The forward 

and reverse primers used for AG1 were:

Forward 5'-TATGGTACCATGACCACTTTACTCTGGGTTTTC-3' 

Reverse 5'-ATATCTAGATTATTAGTCTTCACCTGTGTAGCAGATG-3' 

The forward and reverse primers used for VGl were:

Forward 5' -TATGGTACCATGTTCATAAATATAAAGAGCATC-3' 

Reverse 5' - AT ATCTAGATTATT AC ATTCG ACGTTTAAAGC AGTAG-3' 

The DNA was amplified for 30 cycles of 94°C, 57°C and 72°C (1 min each) with Tli 

polymerase (Promega). The PCR products were digested with KpnVXbal and cloned 

into the corresponding sites in the Drosophila Expression System (DBS) vector 

pMT/V5-His B (Invitrogen) downstream of a metallothionein inducible promoter. In 

the case of the cLP and VGl constructs, plasmids were identified that had insert 

sequences identical to those reported previously (Zimmermann and Ruoslahti 1989; 

Dudhia and Hardingham 1990). However, for AG1 all the clones analysed (8 hi total) 

contained an identical sequence change, relative to the published sequence (Doege et 

al. 1991), corresponding to the inversion of nucleotides CG to GC at positions
_ JQC "78/i865/866. This caused a two amino acid alteration of His to Gly and Val to Leu in 

the aggrecan sequence; it is possible this represents a novel allelic variant of the 

aggrecan gene. However, in order to generate a plasmid corresponding to the 

published AG1 sequence (Doege et al. 1991), mutagenesis was performed using the
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Transformer site directed mutagenesis kit (CLONTECH) as described previously by 

Nentwich et al. 2002. The mutant primer (5'-CCACGGGCCACGTCTACCTGGCC- 

3' with mutated bases in bold), and selection primer (5'- 

AGAGGGCCCTAGGTTCGAAGG-3'), which changes a unique SacII site in the 

polylinker of the DBS vector to ^4vrII (underlined), were both synthesised with 5'- 

phosphate groups. A construct with the corrected sequence was selected by DNA 

sequencing. Stable transfectants were generated for each of the DBS expression 

plasmids encoding cLP, AG1 or VG1 by co-transfection of Schneider 2 (S2) cells 

with a vector carrying the hygromycin B resistance gene (pCoHygro) as described 

previously in (Nentwich et al. 2002). Stably transfected cell lines were maintained at 

25 °C in Schneider's Drosophila Medium (Invitrogen) supplemented with 10% (v/v) 

fetal calf serum (Sigma) and penicillin/streptomycin (Invitrogen) at 50 U/ml and 50 

mg/ml, respectively. Hygromycin (Invitrogen) was added at a concentration of 300 

Hg/ml to ensure selection of recombinant clones.

2.4 Protein purification using reverse phase HPLC

The recombinant proteins were purified from the culture supernatant using a 

combination of ion exchange chromatography and reverse-phase HPLC, essentially as 

described previously for full length TSG-6 (Nentwich et al. 2002). S2 cells were 

scaled into T500 cm2 triple flasks (Nunc) containing 150 ml of serum free medium 

containing 18 mM L-Glutamine (Invitrogen) and 1 % (w/v) penicillin/streptomycin. 

Protein expression was induced by adding CuSC>4 to a final concentration of 500 ^M 

approximately 3 h after cells had been transferred into serum-free medium. Culture 

supernatants for the three proteins (cLP, VG1 and AG1) were harvested after 72 h and 

clarified by centrifugation at 6500 x g for 10 min. To culture supernatants of cLP and
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VG1 (900 ml), 20 ml of 50 % (v/v) of SP-Sepharose (Amersham Biosciences) in 

300 mM sodium acetate pH 4.0, was added. In contrast the AG1 supernatants (900 

ml) received 20 ml of 50 % (v/v) of Q-Sepharose (Amersham Biosciences) in 20 mM 

MES pH 6.5. The supernatant/sepharose slurry mixtures were incubated for 20 min, 

followed by washing of the resin with 300 ml of either the acetate (cLP and VG1) or 

MES (AG1) buffers. The sepharose resins with bound protein were transferred to 

sintered columns and washed again with -50 ml of the appropriate buffer. VG1 and 

cLP were eluted from the SP-sepharose in 150 mM NaCl, 20 mM MES, pH 6.0 or 

500 mM NaCl, 20 mM MES, 5 mM EDTA, pH 6.5, respectively. AG1 was recovered 

from the Q-Sepharose in 150-200 mM NaCl, 20 mM MES, pH 6.0. Fractions 

containing cLP (combined and diluted 1:20 (v/v) in 300 mM sodium acetate, pH 4.0) 

were subjected to a second round of ion-exchange batch purification as before. 

Fractions from the respective protein preparations were pooled and applied to a 

Phenomenex 250 x 10-mm Jupiter C5 column (300 A, 5 urn) equilibrated hi 17 % 

(v/v) solvent B (95 % (v/v) acetonitrile, 0.09 % (v/v) trifluoroacetic acid) in solvent A 

(0.1 % (v/v) trifluoroacetic acid (TFA)) at a flow rate of 3 ml/min. Initial conditions 

were maintained for 10 min followed by one of two linear acetonitrile gradients. VG1 

and AG1 were eluted by gradients of 17-65 %, 65-95 % solvent B (hi A) over 10, and 

30 min respectively, while cLP was eluted by linear gradients of 17-55 % (10 min), 

55-75 % (20 min), 75-95 % (5 min) solvent B (in A). The absorbance was 

continuously monitored at 220 nm and peaks were collected manually. Proteins were 

lyophilised and their concentrations were determined by amino acid analysis as 

described in section 2.2.3. The purified proteins were analysed on 10 % (w/v) Tris- 

Tricine SDS-PAGE following reduction and alkalyation with dithiothreitol and
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iodoacetamide, respectively or alkylation with iodoacetamide alone and stained with 

coomassie brilliant blue R as described in section 2.2.2.

2.5 MALDI-TOF mass spectrometry of HPLC purified proteins

An Ettan MADLI-TOF/Pro instrument (Amersham Biosciences, UK) was used for all 

mass spectrometry experiments. Aliquots of VG1 (4 ng), cLP (13.7 ^g), and AG1 

(2.7 jig) untreated or treated with PNGase F (section 2.7) were dried under vacuum 

and resuspended in 5 ul 0.1 % (v/v) TFA. The PNGase F enzyme (~lu£) was also run 

alone as a control. Samples were then mixed 1:1 (v/v) with saturated matrix solution 

(a-cyano-4-hydroxycinnamic acid in 50 % (v/v) acetonitrile, 0.1 % (v/v) 

trifluoroacetic acid) and analysed in positive-ion linear mode with a 20 kV potential 

and the low mass rejection at 1000 m/Z. External calibration was performed using 

apomyoglobin [M+H]+ = 16952.27 and bovine albumin [M+H]+ = 66430.09.

2.6 Alternative protein purification using FPLC

2.6.1 Purification from conditioned supernatants

Conditioned supernatants (900 ml) for cLP and VG1 were clarified by centrifugation 

and pH adjusted from ~6.5 to 5.0 with 5 M HC1 prior to purification. Using a Waters 

650E Advanced Protein Purification System, a XK-26 column packed with 25 ml of 

SP-Sepharose fast flow resin (Amersham Biosciences) was first equilibrated with 300 

mM sodium acetate, pH 4.0 for 5 column volumes (-125 ml) at 30 ml/min. After 

equilibration the conditioned protein (cLP or VG1) supernatant was pumped over the 

column followed by equilibration back into 300 mM sodium acetate, pH 4.0 to wash 

away any non-specific protein binding. The column was then removed from the 

Waters 650E pump and connected to an AKTA FPLC 950 purifier (Amersham
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Biosciences). For VG1 the column was equilibrated with buffer C (20 mM MES, pH 

6.0) for 1.5 column volumes (~40 ml) and protein eluted with a linear gradient of 0-50 

% buffer D (20 mM MES, 1 M NaCl, pH 6.0) over 240 ml at 2 ml/min. The column 

was then washed with 30 ml of buffer D to remove any residual bound protein and 

equilibrated back into buffer C. For cLP purification, the column was equilibrated in 

buffer E (20 mM MES, pH 6.5) for 1.5 column volumes and protein eluted with a 

linear gradient of 0-50 % buffer F (20 mM MES, 1 M NaCl, pH 6.5) over 250 ml at 5 

ml/min followed by washing (buffer F) and equilibration (buffer E) as described 

above for VG1. The pH for the AG1 culture supernatant was not adjusted prior to 

purification over a XK-26 column packed with -25 ml Q-Sepahorse fast flow 

(Amersham Biosciences). The column was equilibrated with buffer E (20 mM MES, 

pH 6.5) and the supernatant pumped over the column at 30 ml/min using the Waters 

65 OE Advanced Protein Purification System. The column was then equilibrated back 

into buffer E. Using an AKTA FPLC purifier, a linear gradient from 0-50 % buffer F 

(20 mM, 1 M NaCl, pH 6.5) was employed over 210 ml total at 5 ml/min to elute 

AG1 from the column. For all proteins, the absorbance was continuously monitored at 

280 nm and 10 ml fractions were collected automatically using a Frac-900 fraction 

collector (Amersham Biosciences).

2.6.2 Mono-S purification of cLP and VG1

As an alternative to HPLC protein purification, VG1 and cLP were purified from ion- 

exchange batches using a Mono-S HR 5/5 (Amersham Biosciences) high resolution 

cation-exchange column (1 ml total volume) with an AKTA 950 FPLC purification 

system. Fractions containing VG1 after SP-Sepharose fast flow purification as 

described in section 2.6.1 were pooled and diluted 1:1 (v/v) into 300 mM sodium
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acetate, pH 4.0 and loaded onto the column equilibrated in buffer E run at 1 ml/min. 

The protein was eluted using a linear gradient of 0-40 % F over 30 ml and fractions 

collected (1 ml). The column was then washed for 5 ml in buffer F and equilibrated 

back into 5 ml buffer E. Fractions were analysed on SDS-PAGE as described 

previously (section 2.2.1). cLP fractions after SP-sephaorse fast flow purification 

were pooled and diluted 1:5 (v/v) into 300 mM sodium acetate, pH 4.0 and loaded 

onto the column equilibrated in buffer E run at 1 ml/min. The protein was eluted 

from the column using a linear gradient of 0-50 % buffer F over 30 ml total at 1 

ml/min. Fractions were collected manually using an AKTA 950 peak fraction 

collector. SDS-PAGE was used to analyse peak fractions (section 2.2.1).

2.6.3 Resource-Q purification of AGl

As an alternative to HPLC purification, AGl was re-purified using a Resource-Q 

(Amersham Biosciences, UK) anion-exchange column (1 ml total volume) with an 

AKTA 950 FPLC purification system. Samples containing AGl after Q-Sepharose 

fast flow purification as described above were pooled and diluted 1:1 (v/v) into buffer 

E and loaded onto the column equilibrated in buffer E at 1 ml/min. The protein was 

eluted using a linear gradient of 0-30 % buffer F over 24 ml and fractions collected 

manually. The column was then washed for 10 ml in buffer F and equilibrated in 10 

ml buffer E. Fractions were analysed on SDS-PAGE as described previously (section 

2.2.1).

2.7 Deglycosylation of cLP, AGl and VG1

Samples of cLP, AGl and VG1 (0.05 ug/^1 in water) were incubated in the absence 

and presence of 0.1 U/ml N-glycosidase F (PNGase F; Roche Diagnostics) for 1 h at
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37 °C. An equal volume of 2x PSB (containing 10 % (v/v) 6-mercaptoethanol) was 

then added and boiled for 5 min followed by SDS-PAGE.

2.8 Polyclonal antibody production

A polyclonal antibody against human cLP was raised against a 16 amino acid peptide 

(DEAVQACLNDGAQIAK; residues 273-288 in the pre-protein) located in the 

second Link module. Molecular modelling of this domain (C.D. Blundell, A. Almond 

and A.J. Day, in preparation) based on the knowledge of the Link module tertiary 

structure (Blundell et al. 2003) indicates that this region of cLP is likely to be surface

LM 1

LM2

Figure 2.1 This shows a model of the two Link modules (LM1 and LM2) of human cartilage 
link protein. An antibody was raised against cartilage link protein amino acids 273-288 (shown 
in red), which resides in the second link module. Amino acids numbered from the full length 
protein thought to be involved in HA-binding are highlighted in green (R (168), Y (169), R 
(236), Y (238), Y (217), K (343), Y (316)). Additionally, a HA decasaccharide is shown in the 
binding site highlighted in blue. The model was provided by Dr. Charles Blundell (Oxford).

exposed (Figure 2.1). The peptide was synthesised and coupled to keyhole limpet 

hemocyanin via its authentic cysteine residue, which is disulphide bonded to cysteine 

279 in the native protein. (Mimotopes, UK). Antibodies were raised against the 

conjugated peptide in rabbits by Chemicon (San Diego, CA) as described in (Carrette
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et al. 2001) and all bleeds were shown to be reactive against the unconjugated peptide 

by dot blot analysis.

2.9 Western blotting

The western blotting protocol was followed essentially as described in Nentwich et al 

2002. Briefly, samples of link protein were run under reducing conditions on 10 % 

(w/v) Tris-Tricine SDS-PAGE as described in section 2.2.1 and electroblotted onto 

Hybond-P membranes (Amersham Biosciences). Washes were performed in 

phosphate buffered saline (PBS), containing 0.1 % (v/v) Tween-20, after each stage of 

the western blotting procedure, carried out at room temperature. The membrane was 

blocked overnight in PBS containing 10 % (w/v) milk powder, 0.1 % (v/v) Tween-20, 

0.02 % (w/v) bovine serum albumin and washed thoroughly. The blot was then 

incubated with a 1:1000 dilution of the rabbit anti-human link protein antiserum and 

following washing, with a 1:5000 dilution of horseradish peroxidase-conjugated 

donkey anti-rabbit secondary antibody for 1 h each in 10 % (v/v) blocking solution 

diluted in PBS containing 0.1 % (v/v) Tween-20. After a final wash, antibody 

binding was visualised by enhanced chemiluminescence system, according to the 

instructions of the supplier (Amersham Biosciences).

2.10 Protein biotinylation

High molecular weight medical grade polymeric hyaluronan (-1000 kDa) at 5 mg/ml 

in 162 ul of water was combined with 2.5 ml of ion exchange purified VG1 or AG1 

(-10-20 fAg/ml) and incubated at room temperature for 1 h to fully saturate active HA- 

binding sites (i.e., to protect any functionally active important lysine residues hi the
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HA-binding site from modification). This was followed by 18 ul of ovine testicular 

hyaluronidase at 7000 U/ml (in 20 mM MES, 5 mM EDTA, pH 6.5) and incubation at 

37 °C for 1 h to remove the high molecular weight HA prior to HPLC. To this 2.5 ml 

of NHS-LC biotin (Pierce) at 0.034 mg/ml in 100 mM NaHCO3, pH 8.5 was added 

and rotated at room temperature for 1 h. For cLP, HA at 5 mg/ml in 810 ul water was 

combined with 10 ml of ion-exchanged purified cartilage link protein (-10 ng/ml) and 

incubated at room temperature for 1 h. This was followed by 90 ul of ovine testicular 

hyaluronidase at (7000 U/ml) and incubation at 37 °C for 1 h followed by addition of 

an equal volume of NHS-LC biotin (0.034 mg/ml) in 20 mM MES, 1 mM EDTA, pH 

6.5 and rotation for 1 h at room temperature as described above. The biotinlyated- 

AG1, -VG1 and -cLP (annotated bAGl, bVGl and bLP) proteins were then purified 

by HPLC as described in section 2.4 for the unmodified proteins, and quantified using 

amino acid analysis (section 2.2.3).

2.11 HA-binding assays

2.11.1 Binding of cLP, VG1 and AG1 coated plates to biotinv lated-HA

The HA-binding activities of cLP, AG1 and VG1 were first examined using a 

microtitre plate-based assay essentially as described in Parkar et al. 1998; Mahoney et 

al. 200 Ib with slight modifications. All dilutions, incubations and washes were 

preformed in Standard Assay Buffer (SAB; 50 mM HEPES, 100 mM NaCl, 0.05 % 

(v/v) Tween-20 pH 7.4). Lyophilised aliquots of AG1 and VG1 were resuspended into 

Milli-Q water. In the case of cLP due to its poor solubility in water it was resuspended 

in 4 M guanidine-HCl, 5 mM sodium acetate, 1 mM EDTA pH 5.8 as described 

previously for the native pig protein (Bonnet et al. 1985; Parkar et al 1998). 

Maxisorp F96 plates were coated overnight with varying dilutions of AG1 (0-600
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ng/well), VG1 (0-71 ng/well) and cLP (0-300 ng/well), in 20 mM Na2CO3, pH 9.6 

(200 ul/well). The coating solution was removed and the plates washed three times. 

Non-specific binding sites were blocked by incubation with 1 % (w/v) bovine serum 

albumin for 90 min at 37 °C followed by three more washes. Plates were then 

incubated at room temperature for 4 h with 12.5 ng/well biotinylated-HA (prepared 

from rooster comb; see section 2.1). Plates were washed three times, and 200 jil of a 

1:10,000 dilution of ExtraAvidin alkaline phosphatase (Sigma) was added and 

incubated for 30 min. After three more washes, wells were incubated for 10 min with 

200 ul of a 1 mg/ml solution of disodium p-nitrophenyl phosphate (Sigma) in 

100 mM Tris-HCl, 100 mM NaCl, 5 mM MgCl2, pH 9.3. The absorbance at 405 nm 

was determined and corrected by subtracting values from the uncoated control wells. 

In competition assays, plates were coated with 5 pmol cLP, 4.5 pmol AG1 or 1.2 

pmol VG1 in 200 jul (final volume) of Na2CC>3 pH 9.6 at concentrations shown to be 

near minimum that give maximal bHA binding (see Figure 3.6). Plates were washed 

and blocked as described above and then incubated with 12.5 ng/well bHA in the 

absence or presence of unlabelled polymeric HA or defined HA oligosaccharides (6-, 

8-, 10- and 12-mers, produced as described in section 2.1). Plates were developed for 

10 min as described above and all absorbance measurements at 405 nm were 

corrected by subtracting values from the uncoated wells; values are plotted as mean 

percentages (w=8) ±S.E. of binding in absence of competing HA.

2.11.2 Binding of to biotinylated cLP, VG1 and AG1 to HA coated wells

Maxisorp F96 microtitre plates were coated overnight with 5 ug/well umbilical cord 

HA (uHA) in 20 mM Na2COs, pH 9.6. All dilutions, incubations and washes were 

preformed as described above (section 2.11.1) but with SAB containing 0.2 % (v/v)
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Tween-20; these conditions have been used previously for plate assays with 

biotinylated-AGl prepared from bovine laryngeal cartilage (Parkar et al. 1998). Plates 

were incubated with increasing amounts of bLP (0-7.4 pmol/well), bVGl (0-10.6 

pmol/well) or bAGl (0-42 pmol/well) diluted in SAB for 4 h at room temperature. 

Competition experiments were performed at concentrations close to the minimum that 

give maximal uHA binding for bLP (2.7 pmol/well), bVGl (2.9 pmol/well), or bAGl 

(11.7 pmol/well) in the absence or presence of increasing amounts of rooster comb 

HA (0-2500 ng/well). Plates were developed for 10-20 min and all absorbance 

measurements at 405 nm were corrected by subtracting values from the uncoated 

wells.

2.11.3 Protein-protein interactions using a microtitre plate assay

To study bLP binding to AG1 and VG1, Maxisorp F96 microtitre plates were coated 

overnight (0-1000 ng/well) with AG1 or VG1 as described in section 2.11.1. All 

dilutions, incubations and washes were performed as in section 2.11.2. bLP was 

initially resuspended in 50 ul of 4 M guanidine-HCl, 50 mM sodium acetate, 1 mM 

EDTA, pH 5.8, then diluted 379-fold into SAB to a final concentration of 33 pmol/ml. 

Plates were incubated with 200 ul/well bLP (6.6 pmol/well) for 4 h at room 

temperature and bound protein detected as described in 2.11.1. To assay bLP binding 

in high salt or at lower pH the experimental protocol described above were replicated 

with the SAB changed to 50 mM HEPES, 500 mM NaCl, 0.2 % Tween-20, pH 7.4 or 

50 mM sodium acetate, 100 mM NaCl, 0.2 % Tween-20, pH 5.8, respectively. To 

study bAGl and bVGl binding to cLP, plates were coated overnight (0-3650 ng/well) 

with cLP as described in 2.11.1, and washed/blocked as described above. Plates were 

then incubated with 200 ul/well bVGl (3.3 pmol/well) or bAGl (13.3 pmol/well) for
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4 h at room temperature and protein detected as described in 2.11.1. In all instances 

plates were developed for 10-20 min and all absorbance measurements at 405 nm 

were corrected by subtracting values from the control wells that were not coated with 

protein overnight.

2.12 Complex formation using analytical gel filtration

Gel filtration experiments were conducted on a Phenomenex 300 x 7.8 mm Biosep- 

SEC-S2000 column run in 10 mM HEPES, 500 mM NaCl, pH 7.0 at 0.5 ml/min at a 

constant temperature of 25 °C and data analysed using Chromeleon software 

(Dionex). The column was calibrated with globular protein standards (Sigma 

Molecular Weight Marker Kit; i.e., Cytochrome C (12,400 Da), carbonic anhydrase 

(29,000 Da), bovine serum albumin (66,000 Da), alcohol dehydrogenase (150,000 

Da), and 6-amylase (200,000 Da)), which were loaded individually (5 ug) onto the 

column and monitored at 280 nm. The log of the molecular weight for each calibrant 

was plotted against its distribution coefficient KaV, which were derived using the 

formula Kav= (Ve-V0)/ (Vr-V0) where Ve is the elution volume (peak apex) of the 

sample; VT is the total liquid volume of the column, calculated on the basis of its 

radius and length, while V0 is the void volume of the column, which was determined 

from the elution volume of blue dextran (5.65 ml). The formation of HA-protein 

complexes was based on the method described previously for the native proteins 

(Bonnet et al. 1985). To study the individual protein interactions with HA, 

lyophilised cLP, AG1 and VG1 were resuspended to a final concentration of 0.3 

ug/ul, 0.15 ug/ul and 0.25 ug/ul respectively in 20 ul 4 M guanidine-HCl, 50 mM 

sodium acetate, 1 mM EOT A, pH 5.8. To these, 1-3 ul of HA oligosaccharides (i.e., 

10-, 14-, 20-, 24-, 28-, 32- or 40-mers prepared from umbilical cord HA as described
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in Mahoney et al 200la at 0.5-1 mg/ml in water were added to give >2-fold molar 

excess HA over total protein; equivalent volumes of water were added to samples 

without HA. Prior to gel filtration samples were diluted -10-fold with 50 mM sodium 

acetate, pH 5.8 in order to convert from dissociative to associative conditions (see 

Bonnet et al. 1985); i.e., to give a final concentration of ~0.4 M guanidine-HCl. This 

dilution was done in 5 steps, the first being the addition of 20 ul buffer, followed by 4 

identical additions of 40 ul, where there was a 10 min incubation at room temperature 

between each step. The samples were loaded onto the gel filtration column and the 

eluent monitored at 280 nm. To study protein-protein interactions and ternary 

complex formation, cLP was combined with AG1 or VG1 under dissociative 

conditions with the individual proteins at the same final concentrations as described 

above, prior to addition of HA/water and stepwise dilution into associative conditions.

2.13 Protein-protein cross-linking experiments

For protein cross-linking experiments, samples (100 ul) in associative buffer 

conditions (prepared as described in section 2.12) were treated with 1.25 ul of 10 mM 

BS3 ; Bis(sulfosuccinimidyl)suberate (Pierce) cross-linking reagent for 30 min at room 

temperature. The reaction was quenched by adding 2 ul of 1 M Tris-HCl, pH 7.5. 

Protein was recovered using 10 ul strataclean resin (Stratagene) and then loaded 

directly onto SDS-PAGE gels after boiling the resin in 25 ul PSB. The gel bands of 

interest were excised with a scalpel, split into 3~lxl mm squares and destained by 

washing three times with 50 % (v/v) acetonitrile in 50 mM ammonium bicarbonate, 

for 20 min. The gels were dehydrated by addition of 70 % (v/v) acetonitrile in water 

for 20 min and then dried under vacuum. Gel slices were rehydrated by adding 40 ul 

of 20 mM ammonium bicarbonate with 20ng/ul of sequencing grade trypsin
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(Promega), and incubated at 37 °C for 12-16 h. Peptides were extracted from the gel 

slices by adding 50 ^1 of solution containing 50 % (v/v) acetonitrile hi 0.1 % (v/v) 

trifluoroacetic acid and incubating at room temperature for 20 min. This was repeated 

two further times and supernatants pooled and evaporated to dryness under vacuum. 

The peptides were resuspended in 0.1 % (v/v) trifluoroacetic acid and added 1:1 to 

saturated matrix solution (a-cyano-4-hydroxycinnamic acid in 50 % (v/v) acetonitrile, 

0.1 % (v/v) trifluoroacetic acid) and analysed in positive-ion reflectron mode with a 

20 kV potential. Internal calibration was carried out using the autolytic peaks of 

trypsin ([M+H]+ = 842.5 and [M+H]+ = 2211.1).

2.14 Multi-angle laser light scattering (MALLS)

MALLS experiments were done in collaboration with Dr. Andrew Almond, 

(University of Oxford) and conducted in the laboratory of Professor Timothy 

Hardingham (University of Manchester). A 300 x 10-mm Superdex-200 (23.6 ml) gel 

filtration column (Amersham Biosciences, UK) was equilibrated in 10 mM HEPES, 

500 mM NaCl, pH 7.0 at 0.5 ml/min at a constant temperature of 25 °C and calibrated 

using the globular protein standards and blue dextran as described in section 2.12 for 

the Biosep-SEC-S2000 column; the void volume was determined to be 7.56 ml. The 

resulting calibration curve (Figure 4.2) shows that the two gel filtration columns 

(Biosep-SEC-S2000 and Superdex-200) used have similar separation properties over 

the molecular weight range used here. Samples of VGl alone (20 ug) or a mixture of 

VGl (50 ug) and cLP (40 ug) in the presence of a 2-fold molar excess of HA32 over 

protein were prepared in associative conditions (200 ul final volume) as described 

(section 2.12) and loaded onto the Superdex-200 column (Amersham Biosciences, 

UK); a sample of HA32 (90 ug) in 200 ul 50 mM sodium acetate, 1 mM EDTA, pH
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5.8 was run individually as a control. During the elution period measurements of the 

UV absorbance at 280 nm, the refractive index and laser light scattering were made 

every 0.5 s. Laser light scattering (30 mW GaAs laser, 690 nm) was recorded at 18 

fixed angles using a DAWN EOS system (Wyatt Technology Corp.). Refractive index 

measurements (at 690 nm) were made using an Optilab rEX refractometer (Wyatt 

Technology Corp.). The concentration (c) was calculated from refractive index («) 

using a dn/dc value of 0.19 ml/g. In processing the data, the 9 angles with the greatest 

signal to noise ratio were used (69°-163°). Analysis of the data followed the standard 

Debye theory and extrapolation techniques, as described in (Chu 1991), and was 

performed using ASTRA version 4 software (Wyatt Technology Corp.).

Production of Fluorescent HA oligosaccharides

2.15 Oligosaccharide production

Hyaluronan was dissolved at a concentration of 1 mg/ml in digest buffer (100 mM 

sodium acetate, 150 mM NaCl, adjusted to pH 5.2 with glacial acetic acid) and pre- 

incubated for 10 min at 37 °C. To this, ovine testicular hyaluronidase (1 U/jal in 

reaction buffer) was added to give a final concentration of 1, 5 or 10 U enzyme per 

mg of HA and the mixture was incubated for 1 h at 37 °C. The reaction was 

terminated by boiling for 10 min and centrifuged to remove denatured enzyme.

2.16 Fluorescent labelling of HA oligosaccharides

2.16.1 Labelling of HA oligosaccharides with 2-aminacridone (AM AC)

Oligosaccharides individually (4-, 6-, 8- or 10-mers) or from a testicular 

hyaluronidase digest mixture (provided by Dr. Andrew Almond, Oxford Biochemistry 

Department) were prepared as described by Blundell et al 2004a and derivatised with
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2-aminoacridone (AMAC) on the reducing end sugar essentially as described by 

Calabro et al. 2000a. Briefly, 40 ul 12.5 mM AMAC dissolved in 15 % (v/v) acetic 

acid in DMSO was added to lyophilised oligosaccharide samples and incubated for 15 

min at room temperature. To this 40 ul of 1.25 mM sodium cyanoborohydride in 

Milli-Q water was added and the resultant mixture incubated overnight at 37 °C to 

complete the reaction.

2.16.2 Labelling of HA ollgosaccharides with 2-aminobenzoic acid (2AA)

Oligosaccharides in the resultant digest mixture (see section 2.15) were derivatised 

with 2AA by reductive animation at the reducing end sugar essentially as described 

by Neville et al. 2004. Briefly a 5 ml stock solution of 2-aminobenzoic acid (2AA) 

(150 mg) and sodium cyanoborohydride (225 mg) dissolved in 2 % (v/v) acetic acid 

in methanol was prepared and added to the HA oligosaccharides at a 3:1 (v/v) ratio in 

microcentifuge tubes. Samples were heated at 80 °C for 45 min to complete the 

reaction. Excess 2AA was removed by a Sephadex G-10 desalting column 

(Amersham Biosciences, UK) on an AKTA 900 FPLC system (Amersham 

Biosciences, UK) in 50 mM ammonium acetate, and then the oligosaccharides 

lyophilised repeatedly to remove residual acetate buffer. Purified HA 4-, 6-, 8- and 

10-mers, prepared as described in Blundell, et al. 2004a were also labelled 

individually.

2.17 Anion-exchange oligosaccharide purification

Lyophilised unlabelled or 2AA-labelled HA digests were resuspended in water and 

purified on a Mono-Q 5/50 GL anion-exchange column (Amersham Biosciences, UK) 

using an AKTA 950 FPLC system (Amersham Biosciences, UK) with UNICORN
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software. The column was equilibrated in Milli-Q water (buffer A) at a flow rate of 2 

ml/min. Labelled HA oligosaccharides (2 ml at ~1 mg/ml in water) were loaded onto 

the column and the initial conditions (100 % buffer A) were maintained for 5 min. 

Oligosaccharides were then eluted with buffer B (500 mM NaCl) using a logarithmic 

gradient described by the equation % B = 8.4 x loge(1.0 + 0.45t), where t represents 

time in minutes. The fractions were monitored at both 215 nm and 330 nm, 

respectively, the latter being a wavelength specific for 2AA (Ito, et al. 1998). A 2AA- 

labelled 10-mer (produced and characterised as described in Blundell, et al. 2004a) 

was used to calibrate peak elution positions. Fractions of each length oligosaccharide 

were pooled and desalted on a G-10 Sephadex column, equilibrated in 50 mM 

ammonium acetate lyophilised and resuspended in Milli-Q water and analysed by 

FACE analysis as described below in section 2.18.2. An additional anion exchange 

chromatography step was performed to ensure homogeneity prior to EMSA. Each 

peak fraction was then collected, lyophilised and desalted as described above. 

Oligosaccharide fractions were finally lyophilised repeatedly from Milli-Q water to 

remove any residual ammonium acetate.

2.18 Fluorophore-assisted carbohydrate electrophoresis (FACE)

2.18.1 Electrophoresis of AMAC-labelled HA oligosaccharides

Native polyacrylamide (27 % (w/v) resolving and 4 % (w/v) stacking gels) were made 

up in the Tris-Borate-EDTA (TBE) running buffer (90 mM Tris, 90 mM boric acid, 

2.5 mM EDTA, pH 8.3); gels were polymerized with 1 % ammonium persulphate and 

0.1 % TEMED. AMAC-labelled oligosaccharide samples were diluted 1:1 (v/v) with 

20 % (v/v) glycerol and run 1.5 hr at 300 V at 4 °C. Gels were analysed with a UV 

light source using a green emission filter (-600 nm).
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2.18.2 Electrophoresis of 2AA-labelled HA oligosaccharides

Purified 2AA-labelled oligosaccharides were diluted from water with 50 % (v/v) 

glycerol to give a final concentration of 16 % (v/v) glycerol. Native polyacrylamide, 

27 % (w/v), gels (without stacking gel) were made up in the running buffer: 192 mM 

glycine, 25 mM Tris pH 8.4; polymerized as described above. Approximately 

equimolar amounts of each labelled oligosaccharide and the unfractionated digest 

were loaded and run at 300 V, 4 °C for 3 h using a Protean gel apparatus (BioRad, 

UK) employing a constant cooled water pump system.

2.19 MALDI-TOF MS of 2 A A-labelled HA oligosaccharides

Tetra to decasaccharides of 2AA-labelled oligosaccharides (4-10-mers) were analysed 

hi negative-ion reflectron mode with a 20 kV potential. Briefly, a mixture in water of 

2AA-labelled HA4, HA6, and HA8 all at 0.625 mg/ml with 2AA-HA10 at 0.125 

mg/ml were diluted 1:100 (v/v) with water and mixed 1:1 (v/v) with 2.5 mg/ml 2,5- 

dihydroxybenzoic acid (DHB) as described previously by Blundell et al. 2004a. 

Solutions for external calibration were composed of a mixture of adrenocorticotrophic 

hormone fragment 18-39 (ACTH; [M-H]~= 2463.20 Da) and angiotensin II ([M-H]' = 

1044.54 Da) in 50 % (v/v) acetonitrile, 0.5 % (v/v) TFA. A ladder of longer 

oligosaccharides (12-36-mers) was analysed in negative-ion linear mode with a 20 kV 

potential and a low mass rejection of 2000 m/Z. Oligosaccharide samples in water 

were mixed 1:1 (v/v) with saturated 3,5-dimethoxy-4-hydroxycinnamic acid 

(Sinapinic acid) in 50 % (v/v) ACN, 0.5 % (v/v) TFA. Solutions for external 

calibration were composed of a mixture of ACTH (see above) and oxidized insulin 

([M-H]~ = 3492.65). Samples of labelled HA 38- and 40-mers were analysed 

individually (data not shown). To assess the sensitivity of MALDI-TOF mass
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spectrometry for 2AA labelled oligosaccharides, a mixture of unlabelled HA 10 and 

labelled HA 10 at equivalent concentrations (0.125 ug/ul) were mixed 1:1 (v/v) with 

2,5-DHB (2.5 mg/ml) matrix and analysed (62.5 ng/spot) in negative-ion reflectron 

mode.

2.20 NMR spectroscopy of 2AA-labelled HA oligosaccharides

All NMR was performed by Dr. Charles Blundell, Biochemistry Department, 

University of Oxford. Oligosaccharide samples for NMR (2AA-labelled 4-, 6-, 8- and 

10-mers) were prepared from lyophilised material reconstituted in 10 % (v/v) D2O 

and adjusted to pH 6.0 with 0.1 M HC1 and NaOH. A 1 mM sample of 2AA was also 

prepared. Homonuclear ID spectra were recorded on these samples at 750 MHz, 25 

°C with an acquisition time of 113.66 ms over 1024 complex points. All spectra were 

referenced externally to the water resonance at 4.765 ppm downfield of 2,2-dimethyl- 

2-silapentane-5-sulphonate (DSS). Concentrations of oligosaccharides were measured 

by comparing the integrated peak intensities from the aromatic ring protons at 7.7 

ppm and 7.3 ppm in the ID spectra from each sample with that of a 1 mM 2AA 

control sample.

2.21 Electrophoretic gel mobility assay (EMSA)

2.21.1 Preliminary EMSA with cLP, AG1 and VG1

Samples were prepared by adding 18 ul of HA oligosaccharides (approximately 

equimolar amounts) in 50 mM sodium acetate, 1 mM EDTA, pH 5.8 to 2 ul of VG1, 

AG1 or cLP (2.5 |ig/ul) in 4 M guanidine-HCl, 50 mM sodium acetate, 1 mM EDTA, 

pH 5.8, and incubated at room temperature for 1 h at this concentration of guanidine 

(400 mM) known to be associative (Bonnet et al 1985). Prior to loading, 8 ul of 50 %
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(v/v) was added and samples run on a native 10 % (w/v) polyacrylamide gels prepared 

in 640 mM glycine, 83 mM Tris pH 8.4 in 10 % glycerol with a stacking gel (4.5 % 

(w/v) acrylamide, 480 nM glycine, 62.5 nM Tris, pH 8.4) at 50 V and 4 °C for 60 min. 

Gels were visualised as described in section 2.22.

2.21.2 EMSA with VG1 and longer length 2AA-labelled HA oligosaccharides

Samples were prepared by adding 18 ul of HA oligosaccharides (3.4 uM) in 50 mM 

sodium acetate, 1 mM EDTA, pH 5.8 to 2 ^il of VG1 (0-6 mg/ml) in 4 M 

guanidine-HCl, 50 mM sodium acetate, 1 mM EDTA, pH 5.8, and incubated at room 

temperature for 1 h. Prior to loading, 8 ul of 50 % (v/v) glycerol was added to give 

final concentration of 2.2 uM for all HA oligosaccharides. Native 4.5 % (w/v) 

polyacrylamide gels (7 cm x 8 cm) were prepared without a stacking gel, containing 

10 % glycerol (v/v) and 1 M Tris (pH 8.45). Samples were loaded into separate lanes 

and electrophoresed (Miniprotean II, BioRad, UK) for 40 min at 40 V and 4 °C, using 

a 100 mM Tris, 100 mM Tricine pH 8.6 running buffer. Visualisation of the gel was 

performed as described below in section 2.22. Gels were stained with 1 % (w/v) 

coomassie brilliant blue R (Sigma Aldrich), 40 % (v/v) ethanol and 10 % (v/v) acetic 

acid to detect protein after UV visualisation.

2.22 Gel imaging and densitometry for 2AA-labeIled oligosaccharides

Gels were visualised using a UV transillummator (Uvi Tec, UK) using a digital 

camera fitted with a 430 nm band pass blue filter (Andover Corp., NH) over the 

camera. A UG1 glass plate (H.V. Skan Ltd, UK) was placed between the UV lamp 

source and the gel to block visible light, essentially as described before (Turnbull, et 

al. 1999; Drummond, et al. 2001). The aperture was adjusted to avoid saturating the
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camera CCD and multiple images were recorded with different exposure times. 

Densitometry analysis was performed using the Scion Image software (Scion Corp., 

MD). The concentration of 2AA-labelled HA 20-, 30- and 40-mer stocks were 

determined by densitometry after FACE analysis (2.18.2). Briefly, equivalent 

volumes (1 ul) of HA10-2AA control (0.125 jug/nl) and labelled oligosaccharide 

stocks (20,- 30- and 40-mers) of unknown concentration were run on a 27 % (w/v) 

acrylamide gel (Miniprotean II, BioRad, UK) for 2 h at 200 V with the same gel and 

running buffer conditions as those described in 2.18.2. Total fluorescence (Tf) was 

calculated using the formula Tf = (band area)x(band intensity-background intensity). 

The Tf ratio of 2AA-labelled HA 10 compared to labelled 20-, 30-, or 40-mers was 

then used to quantify and normalise stock solutions.

2.23 Fluorimetry

For fluorimetry experiments, samples of 2AA-labelled HA 10 (HA10-2AA), alone or 

mixed with equimolar amounts of VGl (VGl + HA10-2AA) were diluted into 

associative buffer conditions as described for the EMSA (2.21.2). The samples were 

incubated at room temperature for 1 h and emission scans (200-550 nm) recorded 

using a Jasco FP-777 Spectrofluorometer (excitation 330 nm). Fluorescent intensity 

between 375-475 nm, spanning the maximum emission range for 2AA (Ito, et al. 

1998), was calculated by subtracting recorded control values (buffer or VGl alone) 

from HA10-2AA and VGl + HA10-2AA values, respectively. Samples of 2AA (5 

uM) were also run as controls.
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2.24 X-Ray crystallography

Attempts were made to crystallise VG1 using the Tecan Genesis 150 crystallisation 

robot (Laboratory of Molecular Biophysics, Oxford Biochemistry Department). 

Briefly, VG1 (943 ug) purified by reverse-phase HPLC was resuspended (10 mg/ml) 

with water. Two commercially available crystal screens from Molecular Dynamics 

(wizard screen 1 and 2) and two from Hampton Research (PEG-ion screen and crystal 

screen lite) were used although no crystals growth was observed.
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3 Protein purification and characterisation

3.1 Introduction

All of the proteins investigated here comprise an identical organisation of domains 

with an N-terminal Immunoglobulin (Ig) fold followed by two Link modules. 

Previously a Link module pair from human cartilage link protein was expressed in E. 

coll and following purification and refolding the protein was found to exhibit some 

HA binding using a microtitre plate assay (McVey 2002). However, equivalent 

aggrecan and versican constructs were inactive, which is consistent with the finding 

that the Ig domain, N-terminal to the Link module pair, stabilises the binding to 

hyaluronan hi these proteins (Watanabe et al. 1997; Matsumoto et al. 2003). In 

addition, it was proposed that AMinked glycosylation may also be necessary for 

correct folding and functional activity of the Link module pairs (Watanabe et al. 

1997). For the above reasons, the Ig-Link-Link construct for cartilage link protein 

(i.e. the full length protein) and the Gl-domain of aggrecan and versican were 

expressed in Drosophila S2 cells (McVey 2002). This expression system was also 

selected since it had been utilised with success for the expression of full-length TSG-6 

(Nentwichetal. 2002).

3.2 Preliminary protein expression and protein sequencing

Small scale protein expression studies indicated that the heterologous gene products 

for cartilage link protein (cLP), Gl-aggrecan (AG1) and Gl-versican (VG1) were 

being secreted into the culture medium and amino acid sequencing of blotted material 

indicated that the proteins had N-termini corresponding to those of the native proteins 

(McVey 2002). VG1 ran as a doublet after SDS-PAGE analysis where both species
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were found by amino acid sequencing to have the expected N-terminal sequence 

beginning at amino acid 21 (LHKVKVGKSP) of the versican pre-protein 

(Zimmermann and Ruoslahti 1989). N-terminal sequencing of this preparation 

revealed that the AG1 preparation contained two species (SDHDNSLSV and 

AVTVETSDHD), in addition to the expected VETSDHDNSL sequence for native 

aggrecan (Doege et al 1991); the relative initial yield of each sequence was 51, 33 

and 16 percent, respectively. cLP had the expected N-terminal sequence 

(DHLSDXYTLD) where no amino acid was detected at position 6 (an asparagine), 

indicating that this TV-linked glycosylation site is fully occupied (Dudhia and 

Hardingham 1990). Preliminary studies of the semi-pure material also showed that 

these proteins were functionally active with regard to HA binding (McVey 2002). 

This chapter describes the large scale isolation/purification and characterisation of 

these proteins using a range of analytical methods.

3.3 Isolation and HPLC purification of cLP, AG1 and VG1

Proteins were eluted from the ion-exchange resin with the elution buffers described in 

section 2.4 and 10 ml fractions were collected. Analysis of consecutive protein 

fractions by SDS-PAGE after ion-exchange chromatography (Figure 3.1) indicated 

that each of the three preparations contained protein products of the expected 

molecular weight (-40 kDa); cLP is also shown both before and after its second ion- 

exchange purification step (Figure 3.1c and 3.Id), where the latter step enhanced 

purity of the protein fractions. However, all preparations still contained significant 

amounts of protein contaminant and an additional purification step was deemed 

necessary. Due to the success of purifying recombinant full length TSG-6 using 

reverse-phase HPLC (Nentwich et al. 2002) the same approach was investigated for
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Figure 3.1 SDS-PAGE analysis of AGl, and VGl and cLP purified by ion-exchange chromatography. 
Consecutive salt fractions from each recombinant human protein preparation were analysed, a) AGl was 
eluted from Q-Sepharose in 150-200 mM NaCl, 20 mM MES, pH 6.0. b) VGl was eluted as a doublet 
from the SP-Sepharose in 150 mM NaCl, 20 mM MES, pH 6.0 fractions. cLP was eluted from SP- 
sepharose in 500 mM NaCl, 20 mM MES, 5 mM EDTA, pH 6.5 in both a primary (c) and (d) secondary 
purification step.
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cLP, AG1 and VGl. Figure 3.2 shows HPLC chromatograms for the recombinant 

proteins. Peak fractions from HPLC were analysed by SDS-PAGE, which indicated 

that the recombinant proteins elute from the column after approximately 25 min at 65 

% buffer B (in buffer A) (see Figure 3.2, arrows). The recovery for each protein 

preparation on HPLC was approximately 50 %.

3.4 Characterisation of HPLC purified proteins

Fractions containing target protein after HPLC were combined, freeze dried and 

analysed by SDS-PAGE under reducing and non-reducing conditions (Figure 3.3a). 

The proteins (VGl, AG1 and cLP) were essentially purified to homogeneity when 

compared to the pre-purified ion-exchange fractions (Figure 3.1). In all cases the 

proteins (VGl, AG1 and cLP) have lower apparent molecular weights under non- 

reducing conditions than when reduced as would be expected for protein containing 

disulfide bonds. The VGl doublet (Band A and B, Figure 3.3a) runs with an apparent 

molecular weight of 38-40 kDa under reducing and 36-38 kDa under non-reducing 

conditions which, is in good agreement the masses obtained in MALDI-TOF mass 

spectrometry (Figure 3.4a); two species (1 and 2) are observed with average masses at 

37.7 and 38.5 kDa, respectively. However, after PNGase F treatment, which cleaves 

the amide bond linking glycans to asparagines, VGl runs primarily as a single species 

on SDS-PAGE (band G; Figure 3.3b) under reducing conditions with a lower 

apparent molecular weight than either of the two species in the untreated sample. 

Thus the A/B doublet is likely to represent different glycoforms of the protein. 

MALDI-TOF mass spectrometry analysis of the PNGase F treated VGl preparation 

also reveals a single species at 37.7 kDa (arrow 3, Figure 3.4a), where no major
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denote peaks corresponding to the recombinant proteins determined by 
SDS-PAGE analysis. The dotted line represents the gradient of % buffer B.
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Figure 3.3 SDS-PAGE of purified recombinant and PNGase F-treated proteins, a) VGl, AGl and cLP 
were analysed under reducing (R: reduction/alkylation) and non-reducing (NR: alkylation) conditions. 
VGl runs as a doublet (A and B), AGl as a diffuse band (C) and cLP as multiple species (D, E, and F). 
b) Analysis of VGl, AGl and cLP with (+) and without (-) PNGase F (W-glycosidase F) treatment. 
After treatment the VGl doublet (A and B) runs as a single band (G) and AGl (C) runs as a tighter band 
(H). The expected (D) and truncated (E) link protein species are seen in the untreated sample. The 
black arrows (I and J) represent the two link protein species seen after treatment. The lower MW band 
(*) seen in all treated samples is the PNGase F enzyme.
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Figure 3.4 Samples of VG1, AG1 and cLP were analysed before and after PNGase F treatment by MALDI- 
TOF mass spectrometry in positive-ion linear mode, a) For VG1, two species (1 and 2) at of 37.7 and 38.5 
kDa are observed in the untreated sample while a single species (3) is observed at 37.7 kDa after PNGase F 
treatment, b) AG1 has a mass of 40.4 kDa before (4) and 37.8 kDa after (5) PNGase F treatment, c) Three 
cLP species (7, 8, and 9) have masses of 30.3, 36.3, and 40.7 kDa, respectively before treatment while three 
cLP species (10, 11 and 12) have masses of 30.6, 32.7, and 39.4 kDa after PNGase F treatment, 
respectively. A lower species at 27.5 kDa (species 6) is observed for cLP both before and after PNGase F 
treatment. The PNGase F enzyme has a mass of 34.9 kDa (black arrow).
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difference in mass is seen compared to species 1 in the untreated preparation (Figure 

3.4a); this observed mass is approximately 1.2 kDa larger than the theoretical mass of 

the protein (36546.01 Da). Therefore, in MALDI-TOF MS, which is non- 

quantitative, species 1 may represent a small fraction of unglycosylated protein (that 

may ionize better than the glycosylated species) in the untreated VG1 preparation 

whereas species 2 represents a mixture of the A/B doublet seen in SDS-PAGE 

analysis (Figure 3.3a). This would also indicate that the sugar moieties on 

recombinant VG1 represent approximately 2 percent of the protein mass. The Gl- 

domain of versican has two potential sites for TV-linked glycosylation at Asn-57 and 

Asn-330 (numbered as in the pre-protein (Zimmermann and Ruoslahti 1989) and it 

seems likely that these sites are occupied in the Drosophila expressed protein and 

removed by PNGase F treatment.

The AGl preparation runs as a single, rather broad, species of -47-50 kDa under 

reducing and -43-46 kDa under non-reducing conditions (band C on Figure 3.3a), 

which is slightly larger than the average molecular mass (40.4 kDa) determined for 

AGl by MALDI-TOF mass spectrometry (species 4, Figure 3.4b). The broad band 

observed in SDS-PAGE may result in part from the AGl length variation (see section 

3.2) where the preparation contains two additional species that are 3 amino acids 

shorter or longer (corresponding to masses of 36833.2 and 37433.9 Da, respectively) 

in addition to the expected VETSDHDNSL sequence (37162.6 Da). After PNGase F 

treatment AGl ran as a tighter band at a lower molecular weight (-45 kDa) by SDS- 

PAGE analysis (species H; Figure 3.3b), which is consistent with a reduced average 

mass (37.8 kDa) observed in MALDI-TOF mass spectrometry compared to the 

untreated AGl (species 5, Figure 3.4b). The aggrecan Gl-domain has three consensus
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sites for JV-linked glycosylation at Asn-126, Asn-239 and Asn-333 (pre-protein 

numbering; (Doege et al 1991)) and one or more appear occupied and removed by 

PNGase F since band H and species 5 have significantly lower apparent molecular 

weights compared to the untreated material on both SDS-PAGE and MALDI-TOF 

mass spectrometry, respectively. Therefore, for AG1, it is likely that combined 

differences in glycosylation and length heterogeneity contribute to the broad band 

seen on SDS-PAGE (Figure 3.3a).

The cLP preparation runs mainly as a species of ~45 kDa (species D on Figure 3.3a) 

under reducing conditions and ~42 kDa under non-reducing conditions with faint 

lower molecular weight species visible at approximately 40 and 35 kDa (E and F), 

respectively under reducing conditions. Four species (6, 7, 8 and 9) are observed in 

MALDI-TOF mass spectrometry (Figure 3.4c) having average masses of 27.5, 30.3, 

36.3, and 40.7 kDa, respectively. Species 7-9 are all approximately 5 kDa smaller 

than the apparent molecular weights observed for species F, E and D on SDS-PAGE 

under reducing conditions; these values are in better agreement with the apparent 

molecular weights observed for species F, E, and D on SDS-PAGE under non- 

reducing conditions (Figure 3.3a). N-terminal sequence analysis of purified cLP 

showed this preparation to contain two species in a 5:1 molar ratio (based on their 

initial yields). The major species (band D) corresponded to the expected N-terminal 

sequence (DHLSDXYTLD; having a theoretical mass of 38480 Da for the non- 

glycosylated protein) where no amino acid was detected at position 6 (an asparagine), 

indicating that this JV-linked glycosylation site is fully utilised as noted before 

(McVey 2002). The minor sequence (AENGPHLLVE), having a theoretical mass of 

36335 Da, corresponds to a truncated form that is 18 amino acids shorter (~2 kDa
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smaller) than the full-length protein. This may result from N-terminal proteolysis as 

reported previously for the native protein (Neame and Barry 1993). Two species were 

also shown to be immunoreactive with a rabbit anti-human link protein antibody 

raised against a peptide sequence from the second Link module domain (Figure 3.5), 

indicating that species D and E most likely correspond to the intact and truncated cLP, 

respectively. Longer exposure also revealed the presence of a lower molecular weight 

species (-35 kDa), which were in the vicinity of band F (Figure 3.3a and 3.4c). As 

can be seen in Figure 3.3b, PNGase F treatment of cLP resulted in the appearance of 

bands I and J. The former has a ~2 kDa lower apparent molecular weight than the 

intact protein (band D), while J has similar mobility as species E. The two 

predominant cLP species (11 and 12) observed after PNGase F treatment in MALDI- 

TOF (Figure 3.4c) mass spectrometry have average masses of 32.7 and 39.4 kDa, 

respectively with another species 10 (30.7 kDa) that has approximately the same mass 

as species 7 (30.3 kDa). The peaks seen at -35-36 kDa, represent the PNGase 

enzyme itself (34.9 kDa) and possibly some residual glycosylated species 8. Since 

the MALDI-TOF protein samples analysed are mixtures and are not individually 

separated, direct comparisons with SDS-PAGE analysis may be misleading. Thus, 

taking only the SDS-PAGE analysis of cLP into consideration and given that native 

human cartilage link protein has two TV-linked oligosaccharides (at Asn-6 and Asn-41) 

where the latter site is always reported to be occupied (Neame and Barry 1993) it 

seems likely from PNGase F treated cLP, that only the carbohydrate from Asn-6 is 

removed (i.e. band I is a partially deglycosylated from of band D), while band E and J 

could represent the truncated form of cLP (lacking the N-terminal glycopeptide) with 

an N-glycan on Asn-41. However, further detailed analysis will be necessary to 

confirm this.

58



Chapter 3_____________________Protein purification and characterisation

kDa 

105

78

55

45

34

34

17

Figure 3.5 Western blotting revealed that the cLP preparation 
(0.5 ng) contains two major species, which are immunoreactive 
with an anti-cLP polyclonal antibody, that run at -45 and 40 
kDa (arrows 1 and 2) under reducing conditions. The larger 
species represents the full-length protein while the smaller 
species is likely a N-terminal truncated product.

59



Chapter 3_____________________ Protein purification and characterisation

3.5 Functional activity of HA-binding proteins

3.5.1 Binding of HA to protein-coated plates

A microtitre plate assay using biotinylated-HA (Mahoney et al 200 Ib) was used to 

determine the functional activity of the recombinant proteins (see section 2.11.1). 

Increasing amounts of cLP, AG1 and VG1 were coated onto plates at a range of 

concentrations and their HA binding was determined colourimetrically. All proteins 

were found to interact with HA, where binding was saturable (Figure 3.6); VG1 

required the least amount of protein to attain binding saturation (1.2 pmol) compared 

to AG1 (4.5 pmol) and cLP (5 pmol). As can be seen from Figure 3.7, these 

interactions could be competed with unlabelled rooster comb polymeric HA (pHA) 

indicating that they are specific; the ICso values for pHA competition were determined 

to be 38, 25 and 20 ng/well for AG1, cLP and VG1, respectively, which are in 

reasonable agreement with each other, as well as to the expected ICso value of 12.5 

ng/well (i.e, the amount of bHA/well) given the inaccuracy of measuring HA by the 

carbazole assay (section 2.2.4). In the case of cLP and AG1, experiments with defined 

HA oligosaccharides (Mahoney et al. 200la) indicated that HA 10 is the minimum 

size that can compete maximally for bHA binding; HA6 and HAS did not act as 

effective competitors (Figure 3.7). Previous gel filtration studies on the native link 

protein and aggrecan binding domain gave equivalent results (Hardingham and Muir 

1973; Hascall and Heinegaard 1974b; Rosenberg et al 1988). Similarly for VG1, 

HA 10 and HA 12 compete much more effectively than HA6 and HA8, as has been 

reported for human hyaluronectin, a proteolytic fragment of versican (Bertrand and 

Delpech 1985). However, from Figure 3.7 it can be seen that HA10 and HA12 are 

less efficient competitors than pHA; HA 10 competes less well than HA 12 

values of 562 and 222 ng/well, respectively). Equivalent assays using PNGase F
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Figure 3.6 HA-binding assays for Gl-aggrecan, Gl-versican and 
cartilage link protein. The binding of biotinylated-HA (bHA; 12.5 
ng/well) to protein-coated plates was determined colorimetrically at 
405 nm after 10 rains for (a) AG1 n=Z ±S.E. (b) VG1 w=12 ±S.E. 
and (c) cLP n=S ±S.E.
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Figure 3.7 HA-binding assays for cartilage link protein, Gl-aggrecan and Gl-versican. 
The binding of biotinylated-HA (bHA; 12.5ng/well) to protein-coated plates in the 
presence or absence of competing unlabelled polymeric HA (pHA) or HA 
oliogosaccharides of defined size. Valued are plotted as mean percentages («=8) ±S.E. of 
binding in absence of competing HA for AG1 (a), cLP (b) and VG1 (c); OD405nm values 
of 0.65, 0.85 and 1.00 were seen for AG1, cLP and VG1, respectively, after 10 min 
development time.
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treated AG1 revealed that the deglycosylated AG1 was inactive (Figure 3.8) in this 

solid phase assay; a similar finding has been reported previously for this domain 

expressed in human embryonic kidney cells and analysed in ligand blotting assays 

(Watanabe et al. 1997). However, PNGase F treatment of VG1 or cLP did not affect 

their HA-binding properties (Figure 3.8).

3.5.2 Binding of protein to HA-coated plates and tissue staining

cLP, AG1 and VG1 were biotinylated in the presence of HA to avoid modification of 

lysine residues essential for ligand binding (see section 2.10). These biotinylated 

proteins (bLP, bAGl and bVGl, respectively) were incubated (at a range of 

concentrations) with HA-coated plates and the binding was determined 

colorimetrically (see section 2.11.2). All three biotinylated-proteins were capable of 

interacting with umbilical cord HA (Figure 3.9) where bLP required the least amount 

of protein/well to attain near saturation (2.7 pmol) compared to bVGl (2.9 pmol) and 

bAGl (11.7 pmol). This binding was determined to be specific since it could be 

competed by unlabelled rooster comb HA (Figure 3.10). This also indicates that 

biotinylation does not interfere with the functional activity of the proteins. Both bVGl 

and bAGl were also used as probes to stain for HA in tissue (Figure 3.11, performed 

by Dr. Carol de la Motte, Cleveland Clinic, OH) essentially as described in de la 

Motte et al. 2003. The staining of bVGl and bAGl compared favorably to the 

commercially available S-HABP (Seikagaku Corporation, Japan), which is essentially 

a biotinylated HA-binding domain of bovine aggrecan with ~ 20 % biotinylated 

bovine cartilage link protein. Staining using bLP was not attempted due to its 

inherent insolubility in aqueous buffers (Parkar et al. 1998). Therefore biotinylated 

cLP, AG1 and VG1 were determined to be functionally active in regard to their HA
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Figure 3.8 Binding of biotinylated-HA to PNGase F-treated and untreated AG1 (a) cLP 
(b) and VGt (c) were analysed in a microtitre plate assay where the AG1 and cLP 
proteins were coated at 4 pmol/well and VG1 at 1 pmol/well, respectively; these 
concentrations of untreated protein give close to maximal HA binding (see Figure 3.6). 
Values are plotted as mean absorbance (n=4) ±S.E.
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Figure 3.9 Binding of biotinylated VGl (a) AGl (b) and cLP (c) to umbilical cord HA 
coated plates were analysed colorimetrically. Values are mean absorbance (n=4) ±S.E.

65



Chapter 3 Protein purification and characterisation

a

1000

8
0.1 -

10 1000

O

S
0

0.8 

0.7 

0.6 

0.5

0.3 

0.2 

0.1

i i i

0

bAGl

0.001 0.1 10 1000

ng HA/well

Figure 3.10 The binding of biotinylated 2.9 pmol/well VGl (a), 2.7 pmol/well cLP (b) 
and 11.7 pmol/well AG1 (c) to umbilical cord HA coated plates in the absence or 
presence of competing unlabelled rooster comb polymeric HA. Values are mean 
absorbance (w=4) ±S.E.

66



Chapter 3 Protein purification and characterisation

B-Gl-VER
/. / '> '

non-specific

Figure 3.11 Staining for hyaluronan in human inflammatory bowel tissue with biotinylated 
AGl (B-Gl-AGG) or VGl (B-Gl-VER) compared to commercially available Seikagaku HABP 
(S-HABP) using a secondary FITC-conjugated reagent. A control lacking biotinylated protein 
(non-specific) is shown in the lower right panel. Staining was performed by Dr. Carol de la 
Motte, Cleveland Clinic, OH.
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binding properties and therefore, useful reagents for studying protein-protein (chapter 

4) or protein-HA interactions in vitro.

3.6 Alternative FPLC protein purification

Initial crystallisation trials with VGl did not yield any crystals (see section 2.24). One 

possible reason for this is that VGl was purified by reverse-phase HPLC (see section 

2.4), which is thought to interfere with crystallisation due to the denaturing conditions 

causing aggregation, or residual TFA adhering to the protein. Therefore, an alternative 

method of purification was investigated to avoid the use of HPLC and organic buffers. 

It was also hoped that the method chosen would be more efficient in recovering 

protein from the S2 culture supernatants than the 'batch' ion-exchange used 

previously. Therefore, cLP, AG1 and VGl were purified by ion-exchange column 

chromatography using an AKTA FPLC purification system (Amersham Biosciences) 

in aqueous (non-organic) buffers. Unlike the previous batch purification scheme 

where the conditioned supernatant is incubated with the sepharose and the protein 

eluted by washes of particular salt strength, the purification method used here flowed 

the Drosophila S2 supernatant through SP- or Q-Sepharose columns; this increases 

the accessible surface area of the sepharose encountered by the protein. For VGl, the 

pH of the media was reduced from ~6.5 to 5.0 with HC1 (i.e., ~2 two pH units below 

the theoretical isoelectric point of VGl (6.82)) to ensure that the protein has a net 

positive charge. As seen in Figure 3.12a and 3.12b, SDS-PAGE indicates that VGl is 

eluted from the negatively charged SP-sepharose column between 100-250 mM NaCl. 

Comparison of the protein yields from the two procedures by SDS-PAGE indicates 

that an increased amount of VGl is recovered from the supernantant using the column 

scheme compared to the batch scheme (Figure 3.1b). Integration of
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Figure 3.12 Cation-exchange purification of VGl conditioned supernatant using an AKTA FPLC 
system, a) VGl (black arrow) elutes as a symmetric peak from the SP-Sepharose column between 
100-250 mM NaCl as determined by SDS-PAGE analysis (b) where the VGl doublet is seen in 
(double arrows) fractions 9-17.

69



Chapter 3_____________________Protein purification and characterisation

the area under the curve using the Unicorn 5.0 software (Amersham Biosciences) 

yielded the total protein absorbance at 280 nm. Dividing the total absorbance by the 

theoretical distinction coefficient for VGl (OD2go = 1 mg/ml = 1.19) revealed that ~7 

mg of protein was purified from 900 ml of conditioned media. This is ~8 times more 

protein than attained using the batch approach, estimated at 900 jig by SDS-PAGE 

analysis from equivalent starting volumes (900 ml) of conditioned supernatant. 

However, it must be noted that other Drosophila protein contaminants may also be 

contributing to the OD2so observed in Figure 3.12. Additionally the increased protein 

yield could be influenced by the expression ability of the Drosophila S2 cells 

themselves which appear to alter over time in culture. Therefore, using a SP- 

sepharose column and adjusting the pH of the conditioned medium prior to 

purification results in increased VGl yields. Fractions containing VGl were then 

pooled, diluted and re-purified using a high resolution Mono-S ion-exchange column 

(section 2.6.2). As can be seen on Figure, 3.13a and 3.13b, more than one peak was 

identified that contained VGl by SDS-PAGE, most likely indicating differences in 

absorbance caused by protein contaminants. Fractions 5 and 6 were combined and 

repurified on the Mono-S column, which results in a more symmetric peak profile and 

homogenous VGl (Figure 3.14).

Similar to VGl, the cLP culture supernatant was reduced in pH to 5.0, approximately 

two pH units below the theoretical isoelectric point for cLP (7.18), and then purified 

over a SP-Sepharose column (Figure 3.15a). Fractions were collected and analysed 

by SDS-PAGE (Figure 3.15b), which indicated that the cLP (black arrow) eluted from 

the column over a salt concentration of 80-200 mM NaCl (fractions 8-14). The broad 

elution profile is likely due to cLP heterogeneity or Drosophila host contaminants.
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Figure 3.13 High resolution cation-exchange purification of VGl was performed using a Mono-S 
column a) VGl elutes in multiple peak fractions (A5-A10) as determined by SDS-PAGE analysis 
(b).
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column with a linear gradient of 0-30 % buffer F (see section 2.6.2) over a 15 ml 
volume produces a symmetrical VG1 peak.
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Figure 3.15 Cation-exchange purification of cLP conditioned supernatant using an AKTA FPLC 
system, a) cLP elutes in multiple fractions from the SP-Sepharose column between 80-200 mM 
NaCl as determined by SDS-PAGE analysis. The * indicates an auto-zero performed in the run prior 
to cLP elution. (b) where cLP is indicated (black arrow) in fractions 8-14.
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Therefore, the peak integration from the elution profile was not attempted. Fractions 

containing link protein were pooled, diluted and repurified over a high resolution 

Mono-S ion-exchange column (Figure 3.16). The large peak (black arrow) was 

collected and analysed by SDS-PAGE (Figure 3.16, inset), which indicated it was 

indeed cLP (species 1). The lower molecular weight product species 2 likely 

represents bands E seen after HPLC purification (Figure 3.3a). The cLP purified 

solely by ion-exchange chromatography has a similar level of purity as cLP isolated 

by reverse-phase HPLC (Figure 3.3a) indicating that Mono-S purification of cLP is a 

viable purification alternative.

AG1 was purified from culture supernatant using a positively charged Q-sepharose 

column (Figure 3.17a). In this case, the pH of the conditioned media (~6.5) was not 

altered because it is already ~1.5 units above the theoretical isoelectric point of AG1 

(5.07) providing the protein with a net negative charge. The eluent from the column 

gave a high UV absorbance at 280 nm, which saturated the detector, so that no clear 

peaks were visible (Figure 3.17a). Analysis of the eluent by SDS-PAGE (Figure 

3.17b) indicates the presence of AG1 hi three fractions (15-18) corresponding to 160- 

250 mM NaCl; the bands observed were weaker than seen in the batch method 

(Figure 3.la), which may be due to a change in Drosophila S2 expression levels. AG1 

fractions were pooled, and repurified down a Resource-Q anion-exchange column 

(Figure 3.18), where a shallow elution gradient (section 2.6.3) was employed to 

facilitate removal of high molecular contaminants in the AG1 preparation. As can be 

seen from Figure 3.18, AG1 elutes from the column between 180-190 mM NaCl as 

determined by SDS-PAGE analysis. Therefore the shallow gradient was effective at 

removing majority of the high molecular weight contaminants (see Figure 3.17b)
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column, a) cLP (black arrow) elutes as a symmetric peak from column confirmed by SDS-PAGE 
analysis (inset) where the protein is present as a major species of ~42 kDa (band 1) and a minor 
species at ~40 kDa (band 2).
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Figure 3.18 High resolution anion-exchange purification of AGl was performed using a Resource- 
Q column, a) AGl elutes as a double peak from column as determined by SDS-PAGE analysis 
(inset).
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although some residual contaminants are still observed at -69-55 kDa (Figure 3.18).

3.7 Discussion

Human recombinant cartilage link protein (cLP) and the Gl-domains of aggrecan 

(AG1) and versican (VG1) expressed in Drosophila S2 cells were purified to 

homogeneity and characterised by N-terminal sequencing and MALDI-TOF mass 

spectrometry. All three recombinant proteins also contained TV-linked glycans (Figure 

3.3b) characteristic of proteins expressed in insect cell hosts (Altmann et al. 1999). 

Interestingly, after treatment with PNGase F, which removes TV-linked glycans, both 

cLP and VG1 maintained their ability to bind HA whereas AG1 displayed no 

detectable binding (Figure 3.8). The lack of HA binding observed for treated AG1 is 

consistent with a previous study where PNGase treated human recombinant Gl- 

aggrecan was unable to bind HA in transblot assays (Watanabe et al. 1997). 

Therefore, it appears that at least for cLP and VG1, TV-linked glycosylation is not 

essential for functional activity. Further investigation into the functional activity of 

VG1 and AG1 after PNGase F treatment is provided in Chapter 4.

The recombinant proteins were demonstrated to be functionally active in regard to 

then* HA-binding properties, as reported previously for the native proteins. For 

example, cLP, AG1 and VG1 were all found to interact with biotinylated-HA in 

microtitre plate assays, where HA 10 was the minimum size oligosaccharide that can 

compete for polymeric HA binding to the proteins (Figure 3.7). For cLP and AG1 the 

IC5o values for HA 10 and HA 12 competition were reasonably similar to that 

determined with polymeric HA (see Figure 3.7), which is consistent with these 

individual interactions being non-cooperative as reported previously for the native
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proteins (see Hardingham and Muir 1973; Morgelin et al 1995). However, for VG1, 

HA 10 and HA 12 are less efficient competitors than polymeric HA, which may 

suggest that the affinity of VG1 for HA may increase with the molecular weight of the 

sugar (i.e. positive cooperativity) discussed in more detail in chapters 4 and 5. All 

three proteins maintained their functional activity after biotinylation, where the 

binding to HA coated plates was competed with polymeric rooster comb HA. In 

addition, both bAGl and bVGl were capable of staining for hyaluronan in human 

tissue sections as seen for a mixture of native cLP and the HA binding domain of 

aggrecan (de la Motte et al. 2003 and figure 3.11).

The FPLC purification scheme proved a viable alternative to reverse-phase HPLC 

purification, in particular for VG1, which showed a significant increase in protein 

yield when the conditioned supernatant was run through a packed AK-26 SP- 

Sepharose fast flow column. All proteins were also capable of being purified to near 

homogeneity by high resolution ion-exchange using a Mono-S (VG1 and cLP) or a 

Resource-Q (AG1) pre-packed column, respectively. One clear advantage with the 

non-organic purification procedure was that cLP did not show any observable 

insolubility after purification, however this could also be due to the lower 

concentration of cLP (162 nM) in the ion-exchange purified material (Rosenberg et 

al. 1991). Therefore, the residual amounts of TFA present in HPLC purified cLP after 

lyophilisation may have been responsible for its insolubility. In conclusion, these 

purification techniques may provide useful in the future for protein production and 

purification for crystallography studies.
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4 Protein interactions with defined HA oligosaccharides

4.1 Introduction

In this chapter the interactions of the recombinant proteins with HA or with each other 

were investigated using gel filtration, multi-angle laser light scattering (MALLS), 

protein cross-linking and microtitre plates assays. All work was performed with 

HPLC purified proteins (see Chapter 3) unless otherwise stated.

4.2 Protein-protein and protein-HA interactions

In Figure 4.la, gel filtration chromatograms are shown for cLP, AGl and VG1 run 

individually in the absence of HA. The aggrecan and versican Gl-domains gave peaks 

that eluted at 14.5 and 15.2 min, corresponding to apparent molecular weights of 67 

and 45 kDa, respectively, as determined by linear regression analysis using the 

calibration curve in Figure 4.2a. A molecular weight of ~40 kDa was determined by 

MALLS analysis on VG1 (Figure 4.3a), which is in good agreement with value 

obtained from the calibration curve (i.e., 45 kDa). In the case of AGl the apparent 

molecular weight (67 kDa) is significantly larger than the estimate from MALLS (33 

±18 kDa; data not shown). This and the absence of AGl dimers in the protein cross- 

linking studies (Figure 4.4a) indicate that the aggrecan Gl-domain is monomeric, 

with a non-globular shape. The presence of HA 10 did not have a significant effect on 

the elution positions of either AGl or VG1 (Figure 4. la and 4.1b). cLP gave rise to a 

broad elution profile (-14 min) having an apparent molecular weight of -80 kDa 

indicating the possibility of dimer formation (Figure 4.la). Protein cross-linking 

experiments (see Figure 4.4a) supported this finding, where cLP forms a cross-linking
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Figure 4.1 Protein-HA interactions in solution using a Biosep-SEC-S2000 gel 
filtration column. Chromatograms for VG1 (1), AG1 (2), or cLP (3) in the 
absence (a) or presence of HA 10 (b), HA20 (c), or HA24 (d) oligosaccharides. 
cLP and VG1 both exhibit a higher apparent MW in the presence of HA20 or 
HA24, while the elution position of AG1 remained unchanged.
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Figure 4.2 Calibration of the gel filtration columns. Globular protein standards of known molecular 
weight were used to calibrate the Biosep-SEC-S2000 (a) and Superdex-200 (b) gel filtration columns; 
the latter being used for MALLS analysis. The standards are 6-amylase (200,000 Da; peak 1), alcohol 
dehydrogenase (150,000 Da; peak 2), bovine serum albumin (66,000 Da peak 3), carbonic anhydrase 
(29,000 Da; peak 4) and cytochrome C (12,400 Da; peak 5). c) Linear regression analysis of the gel 
filtration standards. Kav values were calculated using the formula Kav= (Ve-V0)/(VT-V0) where Ve is the 
elution volume of the sample, VT and V0 are the total liquid volume and the void volume of the column, 
respectively. The y intercept values for the Biosep-SEC-S2000 and Superdex-200 columns (1.2 x 106 Da 
and 3.9 x 105 Da, respectively) are in good agreement the exclusion values quoted by the manufacturers 
(i.e., 1.3 x 106 and 3 x 105 Da, respectively). Proteins eluted on the two columns have Kav values that 
differ by only 0.1-0.2 indicating that they have similar separation properties between 12.4 kDa and 200 
kDa; this small discrepancy results from the different exclusion limits of the columns.
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Figure 4.3 MALLS analysis of VG1 and the cLP/VGl/HA32 ternary complex. VG1 (a), H32 
(b) and cLP + VG1 + HA32 (c) were run on a Superdex-200 gel filtration column and the eluate 
(from between 12-16 ml) analysed by MALLS; the perpendicular (90°) scattering (dots), 
concentration (solid line) and absorbance at 280 nm (dashed line) are shown, (d) The scattering 
data corresponding to the peak apexes of the two major species in (c) were used to calculate 
molecular weights (open circles) by the Debye method (Tanford 1961). The horizontal lines 
denote the average molecular weight; i.e., 41 kDa ± 5 kDa (S.D.) for VG1 (based on the 
measured concentration of 15 ug/ml) and 85 ± 5 kDa for cLP/VGl/HA32 (at 17 ng/ml). As can 
be seen from trace (b) HA32 elutes at a significantly higher apparent molecular weight (31 kDa) 
than would be expected for a molecule of 6 kDa, which is consistent with previous observations 
of HA's hydrodynamic properties (Almond et al, 1998b).
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Figure 4.4 SDS-PAGE analysis of protein cross-linking experiments, a) The individual recombinant 
proteins were treated with the BS3 cross-linker in the absence or presence of HA oligosaccharides (i.e., 
HA32 for cLP, HA20 or HA24 for VGl, and HA40 for AGl; see text); bands were excised from the gel 
and proteins identified by in-gel trypsin digestions and mass spectrometry (see Figure 4.9 and Tables 
4.1 and 4.2). cLP runs as a dimer (band 1) with or without HA32; no cross-linking products were 
observed for VGl or AGl either hi the absence or presence of HA. b) AGl/cLP or VGl/cLP mixtures 
were cross-linked in the absence or presence of HA32. A protein cross-linking product is seen between 
cLP and AGl in the absence (band 2) and presence of HA (band 3); the cLP dimer is also seen (band 1) 
in both cases. Only the cLP dimer was observed (band 4) when VGl and cLP were crosslinked hi the 
absence of HA. However, a cross-linking product containing both proteins was seen hi the presence of 
HA32 (band 5).
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product at ~80 kDa on SDS-PAGE. Therefore, human recombinant cartilage link 

protein behaves as a homodimer as observed previously for the native protein (Tang 

et al. 1979; Bonnet et al. 1985; Thornton et al 1987). The cLP elution profile in the 

presence of HAIO is less broad (in particular with regard to higher molecular weight 

species eluting between 12.0-13.5 min) and shows an increased absorbance at the 

dimer position (-14 min; Figure 4.1b), which supports previous studies where the 

binding of HA (10-16-mers) to native link protein inhibited the formation of higher 

oligomers but did not prevent cLP from forming dimers (Bonnet et al. 1985; 

Rosenberg et al. 1991). SDS-PAGE analysis of peak fractions collected at the dimeric 

position (13.5-16.0 min) followed by densitometry indicated that the cLP protein band 

was more intense in samples containing HAIO compared to cLP alone (Figure 4.5a 

and 4.5b). Therefore, the observed increased absorbance at 280 nm for cLP in the 

presence of HAIO is likely to result from an increase in cLP solubility caused by the 

reduction of the formation of higher oligomeric species and possibly due to an 

increased solubility.

In the presence of HA20 (3.8 kDa) or HA24 (4.6 kDa) the elution positions for cLP 

were 13.7 and 13.6 min corresponding to apparent molecular weights of 104 and 109 

kDa, respectively (Figure 4.1c and 4.Id). Similarly, VG1 in the presence of these 

oligosaccharides, also eluted earlier than with HAIO (i.e., 14.6 and 14.2 min) 

corresponding to 63 and 79 kDa, respectively (Figure 4.1c and 4.Id). This suggests 

that two molecules of cLP and VG1 can interact with HA20 or HA24, respectively. 

Additionally, for both cLP and VG1, their apparent molecular masses appear to 

increase proportionally to oligosaccharide size (Figure 4.6). In contrast, the elution 

position of AG1 changes only slightly in the presence of 10-, 14-, 20-, or 24-, and 28-,
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Figure 4.5 (a) SDS-PAGE analysis of cLP collected from gel filtration in the absence or 
presence of HA 10 (Figure 4. la and 4.1b) followed by densitometry using the Scion Image 
software (b). Total intensity was calculated using the equation; (band area) x (band intensity- 
background intensity) and is displayed in relative units (RU).
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Figure 4.6 The apparent molecular weights derived from the calibration curve hi 
Figure 4.2a (left axis) using the Biosep-SEC-S2000 gel filtration column are 
plotted against oligosaccharide length (10-, 14-, 20-, 24-, 28-, 32- and 40-mers) for 
AGl (a) cLP (b) and VGl (c). The theoretical molecular weights (dashed line) for 
2, 3 and 4 molecules were extrapolated from the monomeric experimental values 
for AGl (67 kDa), cLP (40 kDa) and VGl (45 kDa).

87



Chapter 4___________Protein interactions with defined HA oligosaccharides

and 32-mers (Figure 4.1 and 4.6). For example, HA32 (~6 kDa) only causes a small 

shift in the running position of AGl compared to that in the absence of HA 

(corresponding to a change of 8 kDa). However, in the presence of HA40 (7.6 kDa) a 

bimodal peak distribution is observed where the first peak elutes at 13.4 min and the 

second at 14.5 min corresponding to apparent molecular masses of 122 and 67 kDa, 

respectively (Figure 4.7 and 4.6). The size of the higher molecular weight species is 

consistent with it containing two AGl molecules bound to an oligomer of-40 sugars 

in length (the HA40 preparation is likely to be a mixture of HA36-40-mers (Mahoney 

et al 200la)) indicating that potentially two AGl molecules can interact with HA of 

~ 40 sugars. From Figure 4.4a, it can be seen that no cross-linking product is formed 

for VG1 in the presence of HA24 (a size proposed to bind 2 VG1 molecules see 

above) consistent with a lack of protein-protein interaction between neighbouring 

versican Gl-domains bound to a common HA chain. Similarly, cross-linking 

experiments on AGl in the presence of HA40 (Figure 4.4a) also show no protein self- 

association.

To investigate protein-protein interactions cLP and AGl were mixed in the absence of 

HA where a single peak was observed at 13.8 min corresponding to an apparent 

molecular weight of 98 kDa, which is significantly larger than either cLP or AGl 

individually (Figure 4.8a) providing evidence for an interaction between these 

recombinant proteins in solution. Consistent with this, Figure 4.4b shows that a 

species of -90 kDa was formed when cLP and AGl were incubated together in the 

presence of a cross-linking reagent (band 2); MALDI-TOF mass spectrometry 

analysis of this species following in-gel trypsin digestion, identified peptides from 

both cLP and AGl (see Figure 4.9 and Table 4.1) confirming that both proteins were
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Figure 4.7 Interactions of AGl with HA oligosaccharides of varying 
length. Gel filtrations chromatograms for AGl alone (1) or in the presence 
ofHA32(2)orHA40(3).
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Figure 4.8 Protein-protein interactions and formation of cLP-stabilised complexes. Gel 
filtration chromatograms for AG1 and cLP run individually ((1) and (2), respectively), or 
together (3) in the absence of HA (a) or presence of HA32 (b). c) cLP (2) and VGl (4) run 
individually or together (5) in the absence of HA. d) cLP (2) and VGl (4) run individually or 
together (5) in the presence of HA32.
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Figure 4.9 Mass fingerprint analysis for cartilage link protein and the Gl -domains of aggrecan and 
versican. The three recombinant proteins were run on SDS-PAGE under reducing conditions (i.e., 
B-mercaptoethanol) the bands excised and in-gel digested with tryspin. Mass fingerprints for cLP 
(a), VG1 (b) and AG1 (c) were obtained using MALDI-TOF mass spectrometry. Specific peptides 
for cLP (A-G), VG1 (H-O) and AG1 (P-W) were identified using the Propound™ data analysis 
software (see Table 4.1). The majority of the unlabelled peaks correspond to either reactive 
cysteine derivatives (mainly with acrylamide) or keratin contaminants.
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Table 4.1 Peptides identified as being cartilage link protein, Gl-versican or Gl-aggrecan specific are labelled 
alphabetically below. The residue coverage expectation values were determined using the Propound™ search 
engine. The expectation values* for cLP, VG1 and AG1 were 0.008, 0.042 and 0.004, respectively.

Assignment Expected Mass of 
Peptide (Da)

Experimental 
Mass [M+H]

Corresponding Peptide Sequence Residue Coverage

cLP
A
B
C
D
E
F
G

VG1
H
I
J
K
L
M
N
O

AG1
P
Q
R
S
T
U
V
w

900.409
928.379
1018.534
1180.619
1553.819*
2167.159
2183.025

941.449
963.398
1077.612
1183.581
1313.735
1385.711
1490.689
1905.020

882.475
890.504
928.460
1178.639
1184.725
1441.850
1890.915
2269.210

901.434
929.424
1019.541
1181.636
1554.827
2168.128
2183.976

942.456
964.405
1078.620
1184.588
1314.743
1386.719
1491.697
1906.027

883.484
891.513
929.468
1179.647
1185.733
1442.857
1891.629
2270.214

TYGGYQGR
NYGFWDDK
VGQIFAAWK
FYYLIHPTK

EVDVFVSMGYHKK
AIHQAENGPHLLVEAEQAK

GGSDSDASLVITDLTLEDYGR

FTFEEAAK
ECENQDAR

LLASDAGLYR
YTLNFEAAQK

LATVGELQAAWR
ETTVLVAQNGNIK
FENQTGFPPPDSR

VSVPTHPEAVGDSLTVVK

YPIHTPR
GIVFHYR
YTLDFDR

VRVNSAYQDK
EWLLVATEGR

EKEWLLVATEGR
TVYVHANQTGYPDPSSR

VSLPNYPAIPSDATLEVQSR

104-111
237-243
289-297
261-269
91-103
29-48

116-136

241-248
249-256
100-109
141-150
257-268

60-72
308-320

81-99

192-198
133-139
145-151
75-84
64-74
62-74

308-324
85-105

a peptide has oxidized Met-98
* An expectation value of 0 is a perfect match and a value of 1.0 means that at least 1 similar match
would be expected when searching a database that does not include the protein sequence (i.e., less
confidence).
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present in the cross-linking product (Table 4.2). Furthermore, an interaction is seen 

between these proteins in microtitre plate assays where either AG1 or cLP are 

immobilised and incubated with biotinylated cLP or AG1, respectively (Figure 4.10a 

and 4.10c). This indicates that these human recombinant proteins are able to interact 

in the absence of HA in both solution and solid phase assays, which has been well 

established for the native proteins previously (Caterson and Baker 1978; Franzen et 

al 1981; Thornton et al 1987). However, when cLP and VGl were mixed, the 

resulting elution profile is essentially the superposition of the proteins run 

individually (Figure 4.8c). In addition, only peptides from cLP, which runs as a dimer 

in the absence of HA, were identified hi the cross-linking product (band 4) derived 

from the cLP/VGl mixture (see Figures 4.4b, Figure 4.1 la and Table 4.2) indicating 

no direct interaction between cLP and VGl in solution. However, biotinylated-cLP 

and biotinylated-VGl are capable of binding immobilized VGl and cLP respectively, 

in a microtitre plate assay (see Figure 4.1 Ob and 4.10c). This is consistent with results 

obtained by others using recombinant human cartilage link protein and Gl-versican in 

solid phase experiments (i.e., by surface plasmon resonance (Matsumoto et al. 2003; 

Shi et al. 2004) and ELISA-like assays (Shi et al. 2004)). Plate assays in the presence 

of 0.5 M NaCl or at pH 5.8 also resulted in a positive interaction between 

biotinylated-cLP and AG1 or VGl demonstrating that the high salt strength (0.5 M) 

used in gel-filtration or the lower pH (5.8) used in the dissociative and associative 

incubation conditions is not responsible for the lack of the cLP-VGl interaction 

(Figure 4.10a and 4.1 Ob). Additionally, removal of the ^-linked glycans from VGl 

did not promote its interaction with cLP in solution; VGl treated with PNGase F gave 

essentially the same result as for the untreated material in cross-linking/MS 

experiments (Table 4.2) indicating that glycosylation was not responsible for the lack
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Table 4.2 Protein/protein interactions determined by MALDI-TOF mass spectrometry. Peptides 
were identified using in-gel trypsin digestion of protein cross-linking products formed in the 
absence or presence of HA oligosaccharides of defined length.

Cross-linking Product Link protein Peptidesa Gl-domain Peptides0

cLP/G 1-aggrecan* 
No HA

Band 1 A,D,E,F,G None detected 
Band 2 A,D,F,G P,W 

+HA32
Band 3 A,D,E,F,G P,Q,W 

cLP/G 1-aggrecanc
+HA32 A,D,E,F P,Q,W

cLP/Gl-versican
No HA* A,C,D,E,F None detected 
+HA10 A,B,D,E,F,G None detected 
+HA20 A,B,D,E,F,G None detected 
+HA24 A,B,F,G L,N 
+HA28 A,D,E,F,G J,L,N,O 
+HA32* A,D,E,F,G J,L,N,O 

cLP/Gl-versicanc
No HA A,B,D,F,G None 
+HA32 A,C,D,F,G L,N,O

a Peptides are defined in Table 4.1.
b Bands excised from SDS-PAGE gels representing cross-linking products in Figure 4.4b.
c VGl andAGl were treated with the PNGase F enzyme.
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Figure 4.10. Interactions of Gl-aggrecan and Gl-versican to cartilage link protein. 
Binding of bLP (6.6 pmol/well) to increasing amounts of AG1 (a) or VG1 (b) coated 
on microtitre plates at pH 7.4 and 5.8 or at pH 7.4 with 500 mM salt (see section 
2.11.3). Values are plotted as mean percentages of binding («=4) ±S.E. (c) Binding 
of bAGl (13.3 pmol/well) or bVGl 3.3 (pmol/well) to increasing amounts of cLP 
coated on microtitre plates using standard assays buffer conditions. Values are 
plotted as mean absorbance («=4) ±S.E.
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Figure 4.11 MALDI-TOF/MS tryptic peptide map for cross-linking products 
derived from cLP and VGl mktures in the absence (a) and presence (b) of HA32; 
these products correspond to bands 4 and 5, respectively, on Fig. 4b. Mass peaks 
(m/Z) labeled (A-G) represent cLP-specific peptides and mass peaks (H-O) 
represent VGl specific peptides as defined in Table 4.1.
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of interaction between VG1 and cLP. Therefore, VG1 behaves differently than AGl, 

where no demonstrable interaction is observed with cLP in solution.

4.3 Formation of link protein-stabilised complexes

The ability of our human recombinant proteins to form ternary complexes was 

initially assessed by gel filtration where cLP was added to either AGl or VG1 in the 

presence of HA32 oligosaccharides. As can be seen from Figure 4.8, the addition of 

HA32 to the cLP/AGl mixture produced a peak that shifted to a higher apparent 

molecular weight (136 kDa) than the peak observed for the cLP/AGl complex in the 

absence of HA (98 kDa); panels b and a, respectively. MALDI-TOF MS confirmed 

that peptides from both cLP and AGl were observed in the cross-linking product 

(band 3 on Figure 4.4b) when HA32 was present (see Table 4.2), which has an 

apparent molecular weight of-90 kDa on SDS-PAGE (Figure 4.4b) consistent with a 

1:1 stoichiometry of cLP:AGl. A similar result was obtained previously with native 

link protein and the Gl-domain of aggrecan (Faltz et al. 1979). Interestingly, the 

cLP/AGl cross-linking product (band 3) becomes more clearly demarcated and less 

diffuse hi the presence of HA32 (Figure 4.4b). This may be caused by a stronger 

association of cLP and AGl in the ternary complex (Hardingham 1979) or a change in 

orientation allowing more cross-linking by BS3 , which links primary amines separated 

by ~12 A. Although no direct interaction is observed between VG1 and cLP on gel 

filtration (Figure 4.8c), a mixture of cLP, VG1 and HA32 produced a peak that shifted 

to a higher apparent molecular weight (-122 kDa; Figure 4.8d). Protein cross-linking 

was utilised to assess if this shift observed in gel filtration represented a cLP stabilised 

ternary complex. When HA32 was added to the cLP/VGl mixture, both peptide 

species were observed in the cross-linking product (band 5 on Figure 4.4b, Figure
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4.lib and Table 4.2) indicating that a protein/protein interaction between cLP and 

VG1 does indeed occur in the presence of HA; and the cross-linking product formed 

between cLP and VG1 in the presence of HA32 was -80 kDa (Figure 4.4b), which is 

consistent with a 1:1 association of these proteins. Further analysis by MALLS 

determined a molecular weight for the complex of 85 ± 5 kDa (Figure 4.3d), which is 

in good agreement with the theoretical mass of 86 kDa for a 1:1:1 cLP/VGl/HA32 

complex (assuming a value of 40 kDa for both cLP and VG1). Cross-linking 

experiments with other HA oligosaccharides (i.e., 10-, 20-, 24- or 28-mers) showed 

that HA24 was the minimum sized oligomer that gave rise to a detectable 

protein/protein interaction between cLP and VG1 (Table 4.2). This is consistent with 

the gel filtration data where a single symmetrical peak was seen for cLP and VG1 in 

the presence of HA24, whereas a bimodal 'superposition' of the individual proteins 

was observed with HA 10 or HA20 (Figure 4.12). Therefore, a HA oligosaccharide of 

between 22-24 sugars in length is required to facilitate the protein/protein interaction 

between cLP and VG1. A similar observation was observed with the native aggrecan 

and link protein by Kimura et al. 1979, where HA ~24-mers were the minimum sized 

oligomers that could compete for complex assembly in rat chondrosarcoma cultures. 

Finally, treatment of AG1 or VG1 with PNGase F did not affect their ability to 

interact with cLP in the presence of HA, indicating that glycosylation of these Gl 

domains is not essential for ternary complex formation (Table 4.2 and Figure 4.13).
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Figure 4.12 Interactions between cartilage link protein and Gl- 
versican in the presence of different sizes of HA oligosaccharide. 
Gel filtration chromatograms of VGl and cLP run individually ((1) 
and (2), respectively) or together (3) in the presence of HA 10 (a) 
HA20 (b) or HA24 (c).
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Figure 4.13 Gel filtration experiments were performed to assess the 
functional activity of PNGase F treated AGl (AGl*). AGl* (1) and 
untreated cLP (2) were run individually, or together, in the absence 
(3) or presence of HA32 (4). AGl* maintained its ability to interact 
with cLP in the absence and presence of HA32.
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4.4 Discussion

The recombinant proteins expressed in Drosophila S2 cells displayed properties 

identical to those reported for the native proteins. For example, cLP formed dimers as 

described previously for the native bovine and porcine proteins (Tang et al. 1979; 

Bonnet et al. 1985; Thornton et al. 1987). cLP was also capable of interacting with 

AGl in solution and solid phase experiments. In addition, cLP formed stabilised 

ternary complex with AGl and in the presence of HA as described previously for the 

native proteins (Hardingham and Muir 1972; Hascall and Heinegaard 1974a).

The ability of cLP to interact with AGl in the absence of HA was observed in three 

different techniques (i.e., gel filtration, cross-linking/MALDI-TOF MS analysis and 

microtitre plate assays). Although gel filtration is a non-equilibrium technique (i.e., a 

system where the ligands are separated during the analysis), a shift in the elution 

position or hydrodynamic volume is nevertheless observed for the AGl/cLP mixture 

compared to the individual components alone indicating that the proteins can indeed 

interact prior to analysis. This is not surprising, given that their concentrations in the 

mixture prior to loading were 375 nM (AGl) and 750 nM (cLP) respectively, higher 

than the K& (47-73 nM) for this interaction recently reported in Surface Plasmon 

Resonance (SPR) analysis (Matsumoto et al 2003; Shi et al. 2004). Interestingly, in 

gel filtration studies, a larger apparent molecular weight is observed for the 

CLP/AG1/HA32 complex (136 kDa) compared to the mass of AGl/cLP (98 kDa). 

This may be due to a change in the aggregate dimensions (Buckwalter et al 1984) or 

increased stability of the proteins upon the formation of a cooperative ternary 

complex (Hardingham 1979).
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In contrast to AGl and cLP, no interaction between VG1 and cLP is seen in gel 

filtration or protein cross-linking experiments (performed at equilibrium) where both 

proteins were at concentrations (635 nM and 750 nM for VG1 and cLP, respectively) 

above the Kd (16-131 nM) reported for the interaction by SPR (Matsumoto et al 

2003; Shi et al. 2004). It must also be noted that the lack of interaction between cLP 

and VG1 is not an artefact caused by HPLC purification of the proteins as when cLP 

and VG1 were prepared using the Mono-S purification scheme (see Chapter 3) and 

combined in the absence of guanidine they gave essentially identical profiles on gel 

filtration to the HPLC purified material (Figure 4.14). Therefore, there appears to be 

a genuine difference in the association of cLP with AGl and VG1 in solution. This is 

supported in the experiments of Shi et al., where co-incubation of cLP and VG1 prior 

to binding immobilised HA on a SPR sensor chip did not alter the association kinetics 

compared to those for the individual proteins, consistent with a lack of interaction of 

these molecules in solution. Conversely, pre-incubation of cLP with AGl, which form 

a complex in solution, promoted the association of these proteins with HA (Shi et al. 

2004). However, in solid phase microtitre plate assays, cLP is able to interact with 

both AGl and VG1, which is consistent with recent studies using human recombinant 

cartilage link protein and the Gl-domains of aggrecan and versican (Shi et al. 2004). 

Interestingly, Matsumoto et al. 2003 report that cLP interacts with VG1 via the 

double Link modules and not the immunoglobulin (Ig) domain as is the case for AGl. 

This may underlie the differences seen in this study between cLP and VG1 where the 

dimerisation state of cLP could potentially mask its direct interaction with VG1 in 

solution via the double Link modules. Therefore, a reduced level of dimer formation 

at the lower concentration used in plate assays (Rosenberg et al 1991), modification 

of lysine residues (Bonnet et al. 1985) with biotin or
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Figure 4.14 Biosep-SEC-S2000 gel filtration using Mono-S purified cLP 
(163 nM) and VG1 (500 nM). Chromatograms of VG1 and cLP run 
individually ((1) and (2), respectively) or together in the absence (3) or 
presence of ~2 M excess HA32 (4).
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immobilisation of cLP on the microtitre plate could potentially disrupt dimerisation 

and unmask the potential binding site resulting in the positive cLP interaction with 

VG1. Native cartilage link protein has also been proposed to contain two sites of self- 

association, one of which is abolished when link protein binds HA10-16-mers 

(Bonnet et al. 1985). Given the similarities between the native and recombinant cLP, 

it was thought possible that the binding of HA to cLP and/or VG1 might effect a 

conformational change in their HA-binding domains (as occurs for TSG-6 (Blundell 

et al 2003)) allowing a protein-protein interaction to occur. However, no change in 

the gel filtration profile or protein cross-linking was seen for cLP/VGl in the presence 

of HA10 (i.e., a size of HA of insufficient length to accommodate both proteins on a 

single chain); see Figures 4.4a and 4.12a and Table 4.2. However, in the presence of 

longer HA oligosaccharides (>HA22-24) an association binding site in cLP may 

become unmasked allowing VG1 to interact, forming a link protein stabilised 

complex as observed and cross-linking experiments and supported by MALLS 

(Figure 4.3 and Table 4.2).

Large differences in elution position were also observed with the individual proteins 

in the presence of HA oligosaccharides above a certain length that could be 

interpreted as changes from monomeric to multimeric binding. It must be noted that 

the concentration of AG1 (375 nM) loaded on the column was higher than the Kd 

values previously reported for the monomeric binding of AG1 (17-42 nM) to HA 

oligosaccharides (10-18-mers) by equilibrium dialysis in solution (Cleland 1979; 

Nieduszynski et al. 1980). In addition, individual concentrations loaded on the 

column for cLP (750 nM) and VG1 (635 nM) were also higher than then Kd (10-40 

nM) established for native link protein to HA in solution (Lyon and Nieduszynski

104



Chapter 4___________Protein interactions with defined HA oligosaccharides

1983) and human recombinant versican (4-18 nM) binding to HA either by 

equilibrium dialysis (LeBaron et al. 1992) or SPR (Matsumoto et al. 2003; Shi et al. 

2004), respectively. Although some non-equilibrium effects cannot be ruled out, it 

was expected that the HA-protein complexes formed would elute close to their 

stoichiometric positions. VGl for example, has an apparent molecular weight of 45 

kDa by gel filtration in the absence (-40 kDa from MALLS) or presence of HA 10, 

but shifts to an apparent molecular weight of 79 kDa in the presence of HA24. 

Therefore, HA24 appears to be capable of accommodating two molecules of VGl. In 

fact, for VGl the hydrodynamic volume increases proportionally to oligosaccharide 

length (Figure 4.6c), where the apparent molecular weights of VGl in the presence of 

HA 24-, 32- and 40-mers are 79, 109, and 155 kDa (Figure 4.6c), respectively. Using 

the apparent molecular weight for VGl derived from gel filtration (45 kDa), the ratio 

of VGl molecules to HA 24, 32- and 40-mers are 1.8, 2.4, and 3.4 VGl, respectively 

indicating the possibility of multimeric binding of VGl to oligosaccharides with 

increasing size. A similar conclusion was derived previously for native hyaluronectin 

and HA oligosaccharides (Courel et al 2002). However, in this case the number of 

hyaluronectin molecules was proportional to the number of decasaccahride units (the 

minimum sized that can accommodate VGl binding (see section 3.5.1)) within the 

HA oligosaccharide. For example, HA 10, 20 and 40-mers can accommodate 1, 2 and 

4 hyaluronectin molecules, respectively (Courel et al. 2002). The lack of a VGl cross- 

linking product in the presence of HA24 suggests that this potential multimeric 

interaction with the sugar may not be mediated by protein-protein interactions. This is 

in contrast to the cooperative complex formed with VGl, cLP and HA observed in 

MALLS (Figure 4.3c and d) or cross-linking (Figure 4.4b and Table 4.2). For cLP 

individually, a change from -80 to -100 kDa is observed in the presence of HA20
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suggesting that the oligosaccharide can accommodate only two cLP molecules (Figure 

4.6b). Interestingly, the change in apparent molecular weight might result from cLP 

rearrangement when bound to the oligosaccharide (i.e., forming an asymmetric 

complex). Further experiments using MALLS will be needed to support this 

hypothesis. Using 40 kDa as the monomeric value for cLP (half the apparent 

molecular mass of the dimer), the ratio of cLP molecules to HA 24, 32- and 40-mers 

are 2.5, 3.1, and 3.7, respectively (Figure 4.6b). Therefore, like VG1, there it seems 

likely that multimeric binding of cLP to HA oligosaccharides occurs with increasing 

size.

In contrast to the results for cLP and VG1, HA20, HA24 and HA32 were unable to 

accommodate the binding of two AG1-domains (Figure 4.6a and 4.7). However, HA 

of —40 sugars in length appears to support the interaction of two aggrecan molecules, 

but even in this case there was a significant amount of free AG1 (i.e., an apparent 

molecular mass of 67 kDa), which may be a result of insufficient amounts of HA40 in 

the reaction mixture. It seems likely that the binding of aggrecan to HA 'footprints' a 

considerably larger region of HA than either cLP or VG1 where AG1 potentially 

stabilises a HA conformation that inhibits the binding of another adjacent AG1 

molecule (i.e., negative cooperativity). However, it is clear that AG1 binding to HA 

does not affect the interaction of a neighbouring link protein molecule (i.e., cLP and 

AG1 can both bind to HA32 (Figure 4.8b and 4.4b)). This is interesting since it has 

been reported that the Gl-domain of AG1 binds HA in a random manner leaving free 

HA between bound molecules (Morgelin et al 1988; Morgelin et al 1995). It was 

determined from these electron microscopy studies that HA undergoes an apparent 

shortening on interaction with AG1, where the closest centre-to-centre distance
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between adjacent Gl-domains is 12 nm or approximately 50 sugars (Morgelin et al. 

1995). This supports the gel filtration experiments where it appears that -20 sugars 

are free between each bound AGl molecule.

In summary, the interactions with cLP with AGl or VGl were compared in solution 

and in solid phase experiments. Unlike, AGl, in the absence of HA, VGl did not 

interact in solution phase (gel filtration and protein cross-linking) with cLP. However, 

VGl could form protein-protein ternary complexes with cLP in the presence of HA 

oligosaccharides of >24 sugars in length. In addition, the length of HA required to 

accommodate two Gl-domains was different for versican and aggrecan. These 

studies indicate that there are considerable complexities in the details of link 

protein/CSPG interactions and this may lead to aggregates with HA of diverse 

quaternary structure.
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5 Preparation and application of fluorescent 
HA oligosaccharides

5.1 Introduction

Hyaluronan oligosaccharides have diverse and interesting biological functions both in 

vitro and in vivo, such as induction of angiogenesis (Slevin et al. 2002), regulation of 

macrophage inflammatory responses (Noble et al. 1996) and suppression of tumour 

growth (possibly by disrupting endogenous CD44 HA-receptor binding to its ligand 

(Toole 2004)). In addition to these cellular activities, HA oligosaccharides of defined 

length can be used to characterise HA-protein interactions as discussed in chapters 3 

and 4.

Polymeric HA can be digested with testicular hyaluronidase to yield even-numbered 

saturated oligosaccharides (HA4 being the shortest produced). The resultant 

oligomers are then typically purified by size exclusion chromatography (Hardingham 

and Muir 1973; Hascall and Heinegaard 1974b; Lesley et al. 2000) or anion-exchange 

chromatography (Almond et al. 1998b; Mahoney et al. 200la; Tawada et al. 2002; 

Blundell et al. 2004a). Proper characterisation of HA oligosaccharides after 

preparation is essential to ensure purity and homogeneity prior to experimental use. 

This is of particular importance since attention has been drawn to the possibility of 

contaminants in HA preparations which may effect the results of experiments 

(Mahoney et al. 200la). One highly sensitive technique to assess oligosaccharide 

purity is fluorophore-assisted carbohydrate electrophoresis (FACE). This procedure 

introduces a fluorophore at the reducing end carbohydrate by reductive animation
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(Starr et al. 1996) prior to electrophoresis (see Figure 5.1). The choice of fluorophore 

is of particular importance because it may affect some of the physical properties of the 

oligosaccharide, or in the case of short oligomers the biological activity (i.e., protein 

binding) and therefore have a direct consequence on its experimental performance. 

This chapter describes the advantages of using the fluorophore 2-aminobenzoic acid 

(2AA; see Table 5.1) in the preparation and application of fluorescent HA 

oligosaccharides for use in a range of analytical techniques (i.e., FACE, MALDI-TOF 

mass spectrometry, electrophorectic mobility shift assays (EMSA) and fluorimetry).

5.2 Preparation of hyaluronan oligosaccharides

HA oligosaccharides of between 4 and 10 saccharides were prepared as described in 

(Blundell et al. 2004a), where medical grade hyaluronan was digested with 100 U of 

enzyme per milligram of HA for 3 h at 37 °C and purified by anion-exchange using a 

linear gradient of 0 mM-100 mM NaCl. Here, in order to maximize the production of 

longer length oligosaccharides (~20-40-mers), hyaluronan was resuspended at 1 

mg/ml and partially digested with varying amounts of ovine testicular hyaluronidase 

(1, 5 or 10 U of enzyme per milligram HA) for 1 hr at 37 °C as described in section 

2.15. Digests were analysed with anion-exchange chromatography employing a 

logarithmic ionic elution gradient (Figure 5.2). Peaks representing various even length 

oligosaccharides were present after treatment with 5 and 10 but not 1 U enzyme per 

milligram HA (Figure 5.2). Oligosaccharide lengths were estimated by counting peak 

fractions, which was made difficult by the presence of an unexpected high UV 

absorbing contaminant (black arrow; Figure 5.2). Subsequent digests and purification 

were performed using a different Milli-Q water source which eliminated this 

contaminant. More importantly the logarithmic gradient was capable of maintaining
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2AA
Schiff s base

Acylic form

Reductant

V

NHAc 
Labeled Giycan

Figure 5.1 A schematic representation of the reductive amination reaction with the 
fluorophore 2-aminobenzoic acid (2AA). The labelling reaction involves a two step 
process. The first is the Schiff s base formation, which requires a glycan (R=linked 
saccharides) with a free reducing sugar that is in equilibrium between the ring closed 
(cyclic) and ring open (acyclic) forms. The low pH (~2) caused by the acetic acid in the 
reaction buffer opens the ring. This allows the primary amine group of the 2AA to perform 
a nucleophilic attack on the carbonyl carbon of the acyclic reducing sugar residue to form 
a partially stable Schiff s base. The second step is the reduction where the Schiff s base 
imine group is chemically reduced by cyanoborohydride to give a stable 2AA-labelled 
glycan. The information and picture was compiled from the ProZyme, Inc. product data 
sheet for 2-aminobenzoic acid.
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Table 5.1 The properties of various fluorophores that have been reported to label glycans.

Fluorophore Structure Charge M,.
Excitation Emission

2- aminobenzoic acid
(2AA) 

(Bigger al, 1995)

2-aminoacridone
(AMAC) 

(Calabro et al., 2000a)

,COOH

negative 137.1 330nmfl 425 nma
v.

NH2

neutral 210.2 425 nm* 530 nm*

8-amino-1,3,6-naphtalene 
trisulphonic acid

(ANTS) 
(Jackson et al., 1994)

negative 381.33 353 nm* 520 nm*

S03 NH3

" taken from Ito et al., 1998
* taken from molecular probes website (http://www.probes.com)

111



Chapter 5 Preparation and application of fluorescent HA oligosaccharides

a
15

|

8

10

Ac 1 U/mg HA
100

CQ

CQ

10 20 30 40 SO 60

S e

<N

I•§

15

10

Ac
5 U/mg HA

100

CQ

I

10 20 30 40 50 60

D

£

c
v~> 

(N

_Qs

15

10

Ac 10 U/mg HA

~4-10-mers

100

CQ

I 
CQ

10 20 30 40

Volume (ml)

50 60

Figure 5.2 Equivalent amounts (200 ug) of polymeric hyaluronan (1 mg/ml) digested with 
1 U (a), 5 U (b) or 10 U (c) ovine hyaluronidase for 1 hr at 37 °C were analysed by anion- 
exchange chromatography. Oligosaccharides were eluted with a logarithmic NaCl gradient 
(dashed line) and sizes estimated by counting the peaks. The acetate peak (Ac) and the 
high UV absorbing contaminant (arrow) are indicated. The logarithmic gradient was run at 
1 ml/min and buffer B is 1 M NaCl.
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equidistant separation of even numbered HA oligosaccharides up to at least to 40- 

mers, and perhaps longer. An increase in peak signal (~2-fold) at 215 nm for the 

longer length oligosaccharides was observed with 10 U compared to 5 U of enzyme 

(Figure 5.2) indicating that the former enzyme concentration was a more effective for 

the production of longer length oligosaccharides. Therefore, all subsequent 

hyaluronan digestions were performed with 10 U of enzyme per milligram HA, which 

were then fluorescently labelled with 2AA by reductive animation prior to 

purification using essentially identical conditions (Figure 5.3a and b). An equivalent 

separation of oligosaccharides was observed after 2AA derivatisation; a HA 10-mer 

made and characterised in Blundell et al. 2004a, labelled with 2AA was used to 

calibrate peak elution positions (Figure 5.3c). In addition a ~2-fold increase in 

absorbance at 215 nm was seen after fluorescent labelling with 2AA compared to the 

same amount of underivatised digest, which greatly facilitated peak detection. This is 

not surprising since 2AA has a significant optical absorbance between 200-220 nm 

(Ito et al. 1998). The absorbance could also be selectively monitored at 330 nm, a 

wavelength specific for the fluorophore (Ito et al. 1998), although this was less 

sensitive than at 215 nm (Figure 5.3b). Thus, the combination of 2AA labelling and a 

logarithmic gradient enhanced both the separation and identification of 

oligosaccharide peaks.

5.3 Fluorophore assisted carbohydrate electrophoresis (FACE)

Carbohydrate electrophoresis of peak fractions from ion exchange (Figure 5.3) was 

performed on large gels (12 cm x 14 cm) to allow all 2AA labelled oligosaccharides 

to be visualised on a single gel (Figure 5.4a). The negative charge on 2AA at pH 8.4 

facilitated the separation of the HA oligosaccharides as a function of their length and
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Figure 5.3. Fluorescently labelled (2AA) HA oligosaccharides observed at 215 nm (a) or 
330 nm (b) were eluted using a logarithmic NaCl concentration gradient (dashed line). The 
oligosaccharide lengths were calibrated using a labelled 10-mer (c) monitored at both 215 
nm (blue) and 330 nm (red). The acetate peak (Ac) is also indicated. The logarithmic 
gradient was run at 2 ml/min and buffer B is 0.5 M NaCl.
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L 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

HA26 HA30 HA34 HA38

HA38 

HA34

HA30 
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Figure 5.4 Gel electrophoresis of fluorescent HA oligosaccharides. (a) Purified 2AA-HA 
oligosaccharides of defined length (ranging from 10-40-mers) were run individually on native 
acrylamide gels and compared against a ladder from an unfractionated testicular 
hyaluronidase digest (L). The black arrows represents faint species (see section 5.3). 2AA- 
labelled HA 26-, 30-, 34-, and 38-mers are run individually (b) and compared with a mixture 
(L) of the same oligosaccharides, respectively.
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charge during electrophoresis. In contrast, labelling with neutral fluorophore 2- 

aminoacridone (AMAC, see Table 5.1) gave rise to an inverted parabolic separation 

for 4-10-mers (Figure 5.5a). Therefore, 2AA is a better choice than AMAC for FACE 

analysis since it is more effective in separating heterogeneous shorter HA oligomers 

(<10-mers) as observed in Blundell et al. 2004a and presented in Figure 5.5b. Each 

oligosaccharide fraction purified by anion-exchange chromatography is separated 

from one another with baseline resolution (Figure 5.3). As determined by FACE, 

these oligosaccharide fractions were shown to be essentially homogenous with regard 

to length up to HA40 (Figure 5.4a). For example, this is shown in more detail in 

Figure 5.4b where peaks corresponding to HA 26, 30, 34 and 38-mers were 

electrophoresed on small gels (7 cm x 8 cm); no other HA oligosaccharides were 

visible in the respective fractions. However, faint lower molecular weight species 

(black arrows) were also observed in the oligosaccharide fractions Figure 5.4a. These 

species might have been produced from the reductive animation reaction (i.e., a side 

reaction product where two oligosaccharides become cross-linked producing a 

product with two fluorophores). This would cause the doubly charged cross-linked 

product to migrate at approximately twice the distance after electrophoresis compared 

to the oligosaccharide containing a single 2AA molecule. Alternatively the may be an 

artefact caused by gel imaging or electrophoresis itself. Importantly, there was also no 

excess free 2AA present in any of the fractions that can lead to high background when 

imaging the gel (Drummond et al. 2001). Therefore, the combination of 2AA 

labelling followed by anion-exchange described in section 5.2 results in homogenous 

oligosaccharide preparations and is an improvement on the linear gradient (Mahoney 

et al. 200la) or molecular sieve approaches (Lesley et al 2000) used previously 

which can result in heterogeneous mixtures of longer oligosaccharides. Taking
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a Digest HA4 HA6 HAS HA 10

HA 12

HA,, 

HA,

•'^^^j^^uftfffiHHEi

HA,

digest HA,j HA,- HA^ HA10

Figure 5.5 Gel electrophoresis of 2-aminoacridone (AMAC) labelled (a) and 2- 
aminobenzoic acid (2AA) labelled (b) HA 4-10-mers. The unfractionated (100 
U/mg HA for 3 h 37 °C) digest is shown in the first lane in both a and b. Gel b was 
reproduced from Blundell et al, 2004a.
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advantage of this enhanced FACE separation caused by 2AA, defined HA ladders 

were prepared that facilitate the sizing of unknown mixtures of HA oligosaccharides, 

as commonly used for DNA restriction fragments. As an example, oligosaccharides 

with separation of four were mixed containing either 10, 14-.....38-mers and 12-,16- 

...40-mers (Figure 5.6).

5.4 MALDI-TOF mass spectrometry 2 AA-la belled oligosaccharides

HA oligosaccharides labelled with 2AA were analysed by MALDI-TOF mass 

spectrometry in both negative-ion reflectron mode (4-10-mers) and negative-ion 

linear mode (12-40-mers). Each oligosaccharide had an experimental mass that was 

within error (ranging from 0.1-2.3 Da for HA 4-40, respectively) of their theoretical 

mass (Mr HA + Mr 2AA- 16) where the reductive animation results in the loss of an 

oxygen atom (Figure 5.7 and Table 5.2). Mono-sodium [+22 Da], mono-potassium 

[+38 Da], Di-potassium [+76] and mixed sodium/potassium [+60 Da] adducts were 

also identified (Figure 5.7a). These experiments indicated that 2AA-labelled HA 

oligosaccharides had a greatly increased signal in MALDI-TOF mass spectrometry 

under these particular conditions (e.g., using the 2,5-DHB matrix) compared to 

unlabelled oligosaccharides (Figure 5.8).

5.5 NMR spectroscopy

One dimensional NMR performed by Dr. Charles Blundell, University of Oxford was 

routinely performed on 2AA-labelled 4-, 6-, 8- and 10-mers to contain complete 

derivatisation and measure the stock solution concentrations prior to their use hi 

biological assays. The ID spectrum of 2AA-labelled HA4 (Figure 5.9), for example,
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XI X2
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HA30-
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HA10-

Figure 5.6 Gel electrophoresis of fluorescent HA oligosaccharides of defined ladders 
purified from a digest (Xl= 10-, 14-, 18-, 22-, 26-, 30-, 34-, 38-mers and X2= 12-, 16-, 20-, 
24-, 28-, 32-, 36-, 40-mers) are compared with that from a raw digest (L).
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Figure 5.7 Mixtures of (a) short (4-10-mers) and (b) long (12-36-mers) 2AA-labelled oligosaccharides 
were analysed by MALDI-TOF mass spectrometry in the negative-ion reflectron and linear modes, 
respectively. Mono-sodium (+22 Da), di-sodium (+44 Da), mono-potassium (+38 Da), di-potassium 
(+76) and mixed (sodium and potassium, +60 Da) adducts were also observed in (a) in addition to the 
molecular ion.
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Table 5.2 Comparison of theoretical and experimentally derived masses of 2AA- 
labelled oligosaccharides

HA Theoretical Mra 
[M-H]-

Experimental 
[M-H]-

4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
40

896.3
1275.5
1654.7
2033.7
2414.0
2793.4
3272.9
3552.0
3931.3
4310.6
4690.0
5069.3
5448.6
5827.9
6207.4
6586.6
6966.5
7345.2
7724.5

896.210.1
1275.410.1
1654.610.1
2033.710.1
2414.0 1 0.6
2793.4 1 0.3
3172.410.7
3551.910.9
3931.111.0
4309.911.2
4689.211.6
5068.5 1 2.7
5447.811.8
5827.6 1 2.0
6207.911.7
6587.7 1 4.5
6965.4 1 3.0
7344.1 13.4
7726.813.1

a Based on the mono- and average molecular masses for HA4-10 and HA12-40, 
respectively. * The mean and standard deviation of five measurements.
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Figure 5.8 2AA derivatised HA oligosaccharides gave more intense signals in MALDI-TOF 
mass spectrometry than underivatised ones, when equal amounts (62.5 ng) were analysed 
simultaneously. Arrows denote HA10 (1912.6 Da) and HA10-2AA (2033.7 Da).
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Figure 5.9 Comparison of underivatised HA4 and 2AA-labelled HA4 (HA4-2AA) by ID 
NMR (750 MHz), (a) Complete spectra showing similarities (e.g. methyl, Me) and 
differences (e.g. Me1) between unlabelled and labelled compounds. Resonances arising from 
the 2AA aromatic protons (&) and the reference compound DSS (*) are indicated, (b) Detail 
of the amide (a, 6, co, $) and aromatic (&) proton regions. Resonances from free reducing 
termini (a, p) are clearly absent in the HA4-2AA sample.
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has none of the resonances characteristic of the free reducing terminus (i.e., a, and (3 

anomers), indicating it was fully derivatised; similar results were obtained for 2AA- 

labelled 6-, 8- and 10-mers (data not shown). Few resonances are clearly resolved in 

the ID spectra, however those corresponding to the core of the labelled HA 

oligosaccharides that could be resolved were essentially unperturbed. For example, 

the methyl (Me) and amide (CD) protons from the internal GlcNAc ring (only two 

residues from the 2AA-labelled ring) are found at identical chemical shifts in both 

free and derivatised HA4 (Figure 5.9a). As expected, differences are observed in the 

2AA-labelled ring; the methyl (Me1) and amide ($) protons, for instance, are slightly 

perturbed (Figure 5.9a). These observations suggest that incorporation of the 2AA 

label into HA oligosaccharides produces only minor and local conformational 

changes.

5.6 The biological activity of 2AA-labelled HA oligosaccharides

Binding assays with the human recombinant proteins were performed to determine 

whether the 2AA label affected the biological activity of the oligosaccharides. Both 

excess HA 10 and 2AA-labelled HA 10 competed similarly for cLP, VG1 and AG1 

binding to biotinylated polymeric HA (Figure 5.10) performed as described in section 

2.11.1. It was shown previously that HA 10 was the shortest length oligosaccharide 

capable of efficiently competing for the binding of polymeric HA to cLP, AG1, and 

VG1, as reported in section 3.5.1. Therefore, it can be concluded that the addition of 

the 2AA moiety to the reducing end termini of HA 10 does not significantly interfere 

with its protein-binding activity.
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Figure 5.10 The biological activity of 2AA-labelled HA oligosaccharides was assessed by the 
binding of biotinylated polymeric HA (12.5 ng/well) to AGl (a), cLP (b) and VGl (c) coated plates 
in the presence or absence of HA 10 and 2AA derivatised HA 10 (HA10-2AA) oligosaccharides as 
described in section 2.11.1. The errors correspond to the standard deviation of four measurements.
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5.7 Electrophorectic mobility shift assay (EMSA) 

5.7.1 Preliminary EMSA with cLP, AG1 and VG1

An electrophoretic mobility shift assay (EMSA) was utilised to further investigate the 

binding of cLP, AG1 and VG1 with 2AA labelled HA oligosaccharides of defined 

lengths. In EMSA studies, it is common to utilise radiolabelled ligands (e.g. 35S, 32P) 

to probe interactions (Lane et al. 1992), as seen recently in investigations of the 

interaction between heparin and antithrombin III (Wu et al. 2002). However, in this 

case, given the of lack of sulphate or phosphate groups on HA, a fluorescent EMSA 

technique was favoured, which has also been recently used to study heparin-protein 

interactions (Lyon et al. 2004). In EMSA experiments, the protein retards the 

fluorescent oligosaccharide when bound to it, resulting in a band shift from the free 

sugar position; the charge on the 2AA ensures that a good separation was achieved. 

Initial EMSA experiments were performed at a resolving and stacking acrylamide gel 

concentration of 10 % and 4 % (w/v), respectively as described in section 2.21.1. As 

can be seen from Figure 5.11, all three proteins were capable of binding 2AA-labelled 

10-, 24-, and 40-mers where both free and bound oligosaccharide bands are present. 

However, the bands corresponding to the bound oligosaccharide are diffuse, which 

probably results from non-equilibrium effects caused during electrophoresis. 

Therefore, careful considerations (low percentage acrylamide gels (4.5 % (w/v)), low 

voltage (40 V), low temperature (4 °C) and short run time 40 min see section 2.21.2) 

were taken to ensure that electrophoresis conditions did not promote dissociation of 

the oligosaccharide from the protein in further shift assays performed as described 

below (section 5.7.2).
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Figure 5.11 The interaction of 2AA-labelled HA oligosaccharides (10-, 24-, and 40-mers) with the 
recombinant proteins (5 fig) using an EMSA performed as described in section 2.21.1. Fluorescent 
oligosaccharides were analysed in the absence (-) or presence (+) of AG1 (a), VG1 (b) and cLP (c).
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5.7.2 EMSA with VG1

Oligosaccharide samples of unknown concentrations (20-, 30- and 40-mers) were 

normalised to a known concentration of 2AA-labelled HA 10 by densitometry as 

described in section 2.22. As shown in Figure 5.12a, an increasing amount of VG1 (0- 

10.7 uM) was added to 2AA-labelled HA 8-, 10-, 20-, 30-, and 40-mers (all at 2.2 

uM). For 2AA-labelled HAS, no band shift is seen in the presence of 0.2-3.6 uM VG1 

relative to the control lacking VG1. However, smearing of the free oligosaccharide 

towards the top of the gel at higher concentrations of VG1 (5.4-10.7 uM) suggests the 

sugar is binding very weakly to the protein under the conditions analysed here. In 

contrast, a clear band shift indicating stable binding is observed with 2AA-labelled 

HA 10 in the presence of > 1.8 uM VG1. Therefore, both free and bound fluorescent 

bands were visible; moreover, coomassie blue staining of the gel (Figure 5.12b) 

indicated that the VG1 protein and the shifted fluorescent HA 10 bands run at identical 

positions. As seen in Figure 5.12a, at concentrations of VG1 (>7.1 uM), where 2AA- 

labelled HA 10 is fully bound, the retarded fluorescent bands were less intense than 

free labelled HA 10 bands. Since there was no fluorescence observed in the wells after 

electrophoresis, indicating that all bound protein is migrating into the gel, the 

difference in intensity suggests that fluorescence quenching is likely to be occurring 

in the binding site of VG1. Fluorescence emission scans further supported this 

hypothesis, where a significant decrease in emission at 400-450 nm (maximum for 

2AA) was observed when equimolar amounts of labelled HA 10 and VG1 were mixed 

compared to controls lacking protein (Figure 5.13). As a consequence of VG1 

quenching the fluorescence of 2AA-labelled HA, only the free oligosaccharide could 

be reliably measured by densitometry analysis. Using this type of analysis it was 

found that between 0.9 and 1.8 uM of total VG1, the concentration of unbound
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Figure 5.12 (a) Increasing concentrations of VG1 were mixed with a constant concentration (2.2 uM) of 
2AA-labelled HA 8-, 10-, 20-, 30- and 40-mers and analysed by EMSA. (b) In the presence of 2AA- 
labelled HA 10, VG1 protein bands (detected with coomassie-blue staining) co-localised with the bound 
fluorescent HA 10 bands observed in (a).
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Figure 5.13. The fluorescence emitted from HA10-2AA is quenched in the presence 
of equimolar amounts of VGl (VGl + HA10-2AA). Fluorescent intensity is displayed 
in relative units (RU).
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HA10 had reduced to around 50 % of its maximum value. Therefore, the derivation 

for the K^ of VG1 to 2AA-labelled HA 10 using a single site model was attempted by 

densitometry analysis of the free oligosaccharide.

5.7.3 Derivation of the equilibrium binding constant for VG1 to HA10-2AA

Since only the free HA can be determined from densitometry for a given amount of 

total protein (P,), the Kd has to be calculated based on free HA, P, and total HA (H,) 

rather than the free protein [P], which is the conventional method, but unknown in this 

case. Therefore, assuming a 1:1 stiochiometry between VG1 and HA 10 and 

equilibrium kinetics (i.e. H + P ^ HP, where H represents the HA oligosaccharide 

and P the protein), equation (1) can be derived from the standard equations for the 

equilibrium dissociation constant Kd (Price and Dwek 1 979). If 0 is the fraction of 

free HA, as obtained from the EMS A experiment by densitometry (Figures 5.12a and 

5.14), then r can be defined as the fraction of bound HA, as shown in equation (2), 

where Ht is the total concentration of HA.

(2)

Use of equation (2) allows the amount of free protein to be calculated from the total 

protein concentration Pt, equation (3). Substitution of equation (3) into equation (1) 

results in equation (4) which can now be used to relate the amount of free HA, total 

protein and the Kd to each other. Thus, the equation can be used to model the EMSA 

experiment as performed here, and is quadratic in the variable r (equations (5-8)).

(3)
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Figure 5.14 The fraction of the free oligosaccharide (9) for labelled 10-, 20-, 30-, and 40-mers 
was calculated by densitometry analysis after EMSA and plotted against the total VG1 
concentration (a). Each fluorescent band was measured three independent times to estimate the 
standard error. A theoretical curve (Theory) representing a Kd of 100 nM for binding of VG1 to 
HA 10 is also shown, (b) Using a Kd of 100 nM allowed the 0 value to be plotted against the 
predicted concentration of free protein [P] to produce the familiar plot, which yields the Kd at 
0=0.5. For the longer length sugars (a) linear interpolation allowed the values of total protein 
corresponding to a 0 value of 0.5 to be calculated. The values of 1.2, 2.3, 3.8 and 4.9 uM were 
recorded for HA 10-, 20-, 30- and 40-mers, respectively.
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=0 (5)

2ax +bx + c = Q (6)
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Equation (4) was fitted to the experimentally derived EMS A data for HA 10 to 

determine the K<j, since P,, H, and r are known at each point. It can be seen that the 

experimental and theoretical curve are in good agreement with one another (Figure 

5.14a), and yield a Kd value of 100 nM for the interaction of HA 10 with VG1 under 

the conditions used here. Therefore, because of the above circumstance (i.e., the free 

protein [P] is unknown) the concentration of total protein where 6 = 0.5 does not 

correspond to the Kd (see Figure 5.14a). However, solving the quadratic equation (7 

and 8) for variable r as a function of P/using a Kd of 100 nM allows the substitution of 

r values into equation (3). It must be noted that negative square root in the quadratic 

was determined to be the real value since the positive square root yielded r values >1 

(unphysical). Therefore, the concentration of free protein [P] can be calculated and 

plotted against 0 values for HA 10 as seen in Figure 5.14b.

Experiments with longer HA oligosaccharides (i.e., HA 20-, 30-, and 40- 

mers), which are likely to bind multiple VG1 molecules (Courel et al. 2002), also 

gave rise to clear shifts in HA mobility, as shown in Figures 5.12a and 5.14. However,
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interpretation of this data and hence calculation of Kd values becomes much more 

difficult since the equation becomes binomial.

5.8 Discussion

The fluorophore 2-aminobenzoic acid (2AA; also referred to as anthranilic acid) has 

been used previously to enhance HPLC, capillary and gel electrophoreses of glycans 

isolated from cells, proteins and lipids (Anumula 1994; Bigge et al. 1995; Sato et al 

1997; Anumula and Dhume 1998; Anumula and Du 1999; Huang et al. 2000; Neville 

et al 2004). Labelling with 2AA has also been used for separation and sequencing of 

heterogeneous heparan sulphate derived saccharides (Turnbull et al 1999; Shriver et 

al 2000) and for structural profiling of keratan sulphates (Whitham et al 1999). hi 

addition, 2AA-labelling does not disrupt biological activity in enzyme-substrate 

fluorescent assays (Gershkovich and Kholodovych 1996). This chapter describes the 

advantages of labelling HA oligosaccharides with 2AA for use in a range of analytical 

techniques.

In combination with a logarithmic gradient, as used previously for the purification of 

oligonucleotides (Tashlitskil and Oretskaya 1997), 2AA labelling enhanced the UV 

absorbance between 200 and 220 nm facilitating the purification and detection of 

homogeneous even-numbered HA oligosaccharides at least up to 40-mers; it seems 

likely that longer oligomers (e.g., up to 50-mers ) could be purified using this system. 

Additionally, 2AA-labelled HA oligosaccharides gave more intense signals in 

MALDI-TOF mass spectrometry, as has been reported previously for 2AA-labelled 

chicken ovalbumin oligosaccharides (Anumula and Dhume 1998). This enhancement 

is not surprising since the MALDI apparatus used here employs a UV laser to cause
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ionization, and matrix compounds are selected on the basis of being good UV 

absorbers. Therefore, 2AA which has been used as a MALDI co-matrix for DNA 

(Zhang and Gross 2000) in its own right, is a UV absorber, and may be directly 

ionized. Various other fluorophores, including 2-aminoacridone (AMAC), have also 

been reported to increase glycan ionisation in MALDI-TOF experiments following 

derivatisation (Harvey 2003) however, AMAC-labelled HA oligosaccharides were not 

analysed.

Another advantage of 2AA derivatisation was the ability to enhance oligosaccharide 

migration in fluorophore-assisted carbohydrate electrophoresis (FACE) analysis. The 

negative charge on 2AA facilitated separation of the HA oligosaccharides as a 

function of their length and charge during electrophoresis (Figure 5.6 and 5.7b), 

without the necessity for borate in the running buffer or a stacking gel, as has been 

previously required for HA oligosaccharides derivatised with the neutral fluorophore 

AMAC (Calabro et al. 2000a; Calabro et al 2000b; Mahoney et al 200la; Karousou 

et al 2004). Therefore, AMAC which contains bulky aromatic groups (MW= 210.24, 

Table 5.1) and, significantly, has no charge does not enhance the migration of sugars 

during electrophoresis and is probably responsible for the problematic migration 

(parabolic inversion) of short HA oligosaccharides observed in Figure 5.7a, as 

reported previously (Calabro et al. 2000a; Mahoney et al. 200la; Tawada et al. 2002). 

Another fluorophore, 8-amino-l,3,6-naphthalene trisulfonic acid (ANTS; see table 

5.1), which is commonly used to analyse various glycans by electrophoresis (Jackson 

1994) has also been used to label HA and chondroitin oligosaccharides (Tawada et 

al 2002; Volpi 2003). While ANTS derivatised HA oligosaccharides (4-mers to 16- 

mers) display linear separation as a function of length (due to the three negatively
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charged sulphate moieties on the fluorophore (Tawada et al 2002)), it is rather bulky 

(MW = 381.33) and this may interfere with ligand-binding. Moreover, the sulphate 

moieties may modify the biological activity of the oligosaccharides, since several HA- 

binding proteins have been reported to also bind sulphated GAGs (Parkar and Day 

1997; Weigel and Weigel 2003; Mahoney et al. 2004).

Crucially, the 2AA label was not observed to disrupt the biological activity of HA 

oligosaccharides in the assays performed here. For example, HA10-2AA was as 

effective a competitor as unlabelled HA 10 for polymeric HA binding to cLP, VG1 

and AG1, which is interesting considering that reductive animation breaks the 

integrity of the reducing terminal GlcNAc ring. This is somewhat surprising since a 

10-mer is the minimum size that competes effectively for protein binding. The 

retention of activity may be due to the fact that 2-aminobenzoic acid has a three- 

dimensional structure very similar to D-glucuronic acid, and has a carboxylic acid in 

the same relative position as in HA, which could compensate for the breakage of the 

terminal sugar ring. What is clear however is that 2AA-labelled HA oligosaccharide 

can be used in fluorescence-based assays for investigation of HA-protein interactions, 

as we have demonstrated with EMSA.

A drawback of the EMSA approach used in this study is the inability to measure the 

free protein concentration, or the amount of bound oligosaccharide because of 

fluorescence quenching. This is in contrast to radiolabelled experiments (Wu et al. 

2002). Recent structural work has shown that the binding groove of the Link module 

from human TSG-6 contains three tyrosine residues, and sequence alignments 

indicate that these are highly conserved (e.g., versican has tyrosines at these three
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positions in the first Link module (Blundell et al. 2003)). It is proposed that these 

amino acids, with delocalised electrons, may be responsible for quenching the 

fluorescence of 2AA. Therefore, it is apparent that fluorescence quenching could have 

a wide application for studying the kinetics of HA-protein interactions.

A Kd of 100 nM was derived for the interaction of VG1 to HA10 by theoretical 

analysis of EMS A results. This is approximately nine times weaker than the Kd (4-18 

nM) reported for recombinant versican binding to polymeric hyaluronan using 

equilibrium dialysis (LeBaron et al 1992) or surface plasmon resonance (Matsumoto 

et al 2003; Shi et al 2004). This may result from the different conditions (salt 

strength, pH and temperature) in which the EMSA was performed (see section 

2.21.2). Interestingly, for HA 20-, 30- and 40-mers, approximately two-, three- and 

four-times the respective amount of total VG1 was needed to retard 50 % of the 

oligosaccharide compared to HA 10, (the minimum size even oligosaccharide that can 

accommodate the protein). In this regard the analytical gel filtration experiments 

described in chapter 4 indicate that these lengths of HA might support the binding of 

2, 3, and potentially 4 proteins, respectively. It should be noted, that only a single 

bound protein is required per HA molecule to retard it in the EMSA assay. Therefore, 

if HA20 has more independent protein binding sites than HA10 (Courel et al 2002), 

and the oligosaccharides are at the same molar concentration, then HA20 would 

require less protein to cause an equilibrium dissociation. Thus, the data appears 

inconsistent with site-independent protein binding to a multivalent HA 

oligosaccharide. One explanation for this is that the interaction of VG1 with >HA20 

displays positive cooperativity in that the binding of VG1 to one site makes the 

binding to adjacent sites much more favourable. This would essentially create an all-
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or-none paradigm where HA oligosaccharides partition into those saturated with 

protein and those with no protein bound. Clearly further work is required to establish 

the exact nature of this phenomenon. Comparison with EMSA experiments using 

other members of the Link module superfamily, where the binding is better 

characterised (such as TSG-6 or aggrecan) may be very revealing in this regard.

In conclusion, the advantages of labelling HA oligosaccharides with 2AA for their use 

in biological assays appears to result from it having a similar size (Mr= 137.1) and 

charge to that of D-glucuronic acid. Additionally, 2AA has no sulphate moieties that 

might interfere with oligosaccharide activity and is also highly fluorescent (Anumula 

1994), which facilitates oligosaccharide detection. Therefore, a simple protocol for 

fluorescent labelling and separation of HA oligosaccharides is described, which does 

not perturb their biological function. This methodology will allow a range of 

fluorescence-based assays to be developed for the analysis of HA-protein interactions.
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6 Discussion and future work

The work presented in this thesis describes the expression, purification and 

characterisation of human recombinant cartilage link protein (cLP) and the Gl- 

domains of aggrecan (AGl) and versican (VG1). All three proteins investigated have 

an identical domain organisation containing an N-terminal immunoglobulin (Ig) fold 

followed by two contiguous Link modules. The recombinant proteins expressed in 

Drosophila S2 cells all had significant levels of AMinked glycosylation (~2 kDa) but 

this did not interfere with HA binding or ternary complex formation, despite the fact 

that the glycosylation machinery of insect cells is distinct from that of mammalian 

cells (Altmann et al. 1999). However, when AGl was treated with PNGase F, no 

detectable binding of biotinylated HA was observed when the deglycosylated protein 

was immobilised on a microtitre plate (Figure 3.8). A similar finding has been 

reported previously for HA binding to recombinant AGl in solid phase transbot 

assays (Watanabe et al. 1997a). Importantly, the removal of the TV-linked glycans 

from AGl did not alter its ability to bind cLP in solution or in forming a ternary 

complex with cLP and HA32 (see Figure 4.13 and Table 4.2). This indicates that N- 

glycosylation of the Gl-domain of aggrecan is unlikely to play a significant role in its 

functional activity but rather that the deglycosylated AGl has different properties 

when immobilised in microtitre plate assays to those seen in free solution (i.e., gel 

filtration and cross-linking MS). Therefore, it seems likely that the lack of AGl 

activity in solid phase assays is an artefact caused by its immobilisation. In contrast 

the removal of TV-linked glycans from VG1 did not have any affect on its functional 

activity regardless of the assay performed; PNGase F treatment of cLP did not affect 

its HA-binding properties. Therefore, it can be concluded that 7V-glycosylation is 

unlikely to be necessary for the functional activity or folding of cLP, aggrecan and
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versican. Thus, the previous finding that the double Link module of AG1 and VG1 

expressed in E.coli do not fold (McVey 2002) can now be interpreted as being due to 

a lack of the Ig domain rather than due to the absence of glycosylation.

As discussed in section 1.4 a link protein gene family consisting of four members 

denoted 'HAPLN' (HA and Proteoglycan LiNk protein Family) has recently been 

identified (Spicer et al 2003) where cLP is renamed HAPLN-1. Each link protein 

gene was found to be located immediately adjacent to one of the four CSPG genes 

forming HAPLN-1/versican, HAPLN-2/brevican, HAPLN-3/aggrecan and HAPLN- 

4/neurocan gene pairs (Nomoto et al. 2002; Czipri et al. 2003; Spicer et al. 2003). 

The four encoded HAPLN proteins share 45-52 % overall amino acid identity where 

the least amount of similarity is seen in the immunoglobulin domain (Spicer et al. 

2003). This is interesting given that the interaction between cartilage link protein and 

aggrecan hi the absence of HA is mediated via the immunoglobulin domain (Perin et 

al. 1987; Grover and Roughley 1994; Watanabe et al. 1997a; Matsumoto et al 2003), 

but at present, the specificity of HAPLN-CSPG interactions is not well established. 

As described in chapter 4, no evidence for the interaction of VG1 with cLP in the 

absence of HA in solution was observed either by gel filtration or cross-linking/MS 

analysis. However, in the study by Matsumoto et al. 2003 the binding of cLP to VG1 

in solid phase assays was mediated via the Link modules of versican rather than the Ig 

domain. While this interaction may be an artefact caused by protein immobilisation it 

is possible that the association of cLP and VG1 is the context of a ternary complex is 

indeed mediated via VGl's Link module domains. If this is the case than aggrecan 

and versican may form distinct types of ternary complexes. The lack of solution phase 

association of cLP with VG1 may suggest that of these two proteins the preferred
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partner for cLP is AG1 given their ability to bind directly in solution. For example, 

both cLP and aggrecan are expressed at high levels in cartilage while cLP and 

versican genes are not co-expressed to any significant degree in adult tissues (Spicer 

et al. 2003); versican is present a low levels in cartilage (Sztrolovics et al 2002). 

Furthermore, the level of aggrecan was significantly reduced in the cartilage of mice 

lacking HAPLN-1 (Watanabe and Yamada 1999, 2002). It would also seem 

reasonable, given their common expression in brain, that both HAPLN-2 and 4 could 

form stabilised ternary complexes with the CSPGs neurocan and brevican (Spicer et 

al. 2003). However, is was reported that HAPLN-2 co-localises with the versican V2 

splice variant in the brain (Oohashi et al. 2002) and recently HAPLN-1, which is also 

expressed in brain (Ripellino et al. 1989; Rauch et al. 1991), has been reported to 

interact with neurocan (Rauch et al. 2004). Therefore, it was suggested that HAPLN- 

1 and neurocan are likely to form ternary aggregates in the developing brain. The 

interaction between cLP and neurocan was shown to be mediated via the 

immunoglobulin domain (Rauch et al. 2004), similar to that observed for cLP and 

aggrecan (Perin et al. 1987; Watanabe et al. 1997a; Matsumoto et al. 2003). As 

discussed above, this is distinct from the mode of interaction for VGl and cLP in the 

absence of HA, which is proposed to occur via the double Link modules (Matsumoto 

et al. 2003). It would be interesting to know if cLP and the Gl-domain of neurocan 

could indeed interact directly in gel filtration or protein cross-linking experiments 

(i.e., in solution).

While cLP and VGl did not interact with each other in the absence of HA in solution, 

in its presence they were able to form a ternary complex as analysed by cross- 

linking/MALDI-TOF MS. These experiments revealed that the binding of cLP and
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VG1 to HA oligosaccharides of 24 sugars (or longer) promoted their association. It is 

clear that this study provides experimental evidence that ternary complexes consisting 

of hyaluronan, versican and cLP (HAPLN-1) can be reassembled in vitro and are 

likely to be present in tissue where the two proteins are co-expressed (Yamauchi et al 

1997; Czipri et al. 2003; Spicer et al. 2003). Therefore, cLP can form ternary 

complexes with aggrecan, versican and potentially neurocan (see above). Thus, it 

appears that HAPLN-1 has a wide specificity rather than partnering with just one 

CSPG. It is also important to note that in genetic rescue experiments only 15-20 % 

expression of HAPLN-1 was necessary for the survival in HAPLN-1"7" mice (Czipri et 

al. 2003). Therefore, it was suggested that additional members of the link protein 

family are probably contributing to the stability of the ECM via ternary complex 

formation with CSPGs (Czipri et al. 2003). For example, it was also noted that 

HAPLN-3 mRNA levels were as high as the HAPLN-1 in cartilage (Czipri et al 

2003) and recently HAPLN-3 and versican were found co-localised in smooth muscle 

cells (Ogawa et al. 2004). It appears that a wide range of aggregates containing one of 

four HAPLNs and CSPGs can be formed and contribute to the structural integrity of 

tissue. Clearly, a better understanding the temporal expression and mode of binding 

between members of the link protein family, CSPGs and HA will be important in 

understanding differences in tissue specific extracellular matrix assembly. In this 

regard, current work to express HAPLN-3 and other members of the link protein 

family to investigate their interactions with CSPGs will be insightful.

Another interesting observation from this work is the potential positive cooperative 

interaction between VG1 and hyaluronan (see chapter 5). The first indication of this 

was the finding from microtitre plate assays that HA 10-mers and 12-mers appeared

142



Chapter 6______________ ___________Discussion and future work

to be less efficient competitors than polymeric HA for immobilised VG1 binding 

(Figure 3.7). Additional evidence from gel filtration experiments (Figure 4.6) showed 

that that longer oligosaccharides (HA 24-, 32- and 40-mers) could potentially 

accommodate 2, 3, and 4 VG1 molecules respectively (a VG1 molecule for every 10 

sugars), indicating that oligomers of 10-12 sugars should be effective competitors. 

Together, these initial results suggested that VG1 may have increased affinity for HA 

with increasing size. However, these microtitre plate and gel filtration experiments 

were unable to give any quantitative measure of how bound VG1 affected the affinity 

for the binding of additional VG1 molecules to adjacent sites. Data from EMS A 

experiments was capable of giving some insight, where it appears that HA 

oligosaccharides can partition into those saturated with VG1 and those with no VG1 

bound. This would indicate that a positive cooperative interaction between VG1 and 

HA oligosaccharides with increasing length is occurring (discussed in chapter 5). The 

observation of positive cooperativity is surprising given the homology between VG1 

and the Gl-domain of aggrecan, which has an identical domain organisation, yet does 

not display cooperative behaviour, where it is reported to bind to polymeric HA in a 

random fashion such that free HA was observed between bound molecules (Morgelin 

et al. 1988; Morgelin et al. 1995). In this regard, the results obtained here for AG1 on 

gel filtration experiments (chapter 4) reveal that the binding of AG1 'footprints' a 

large region of HA since HA32 is not able to accommodate two proteins and HA of 

somewhere between 34 and 40 sugars can. If it is assumed that the AG1 binding site 

is a HA decasaccharide then on binding of two AG1 proteins to HA40 approximately 

half of the HA chain will not be in direct contact with the protein. One possible 

explanation for the spacing of aggrecan on HA is that its binding stabilises a 

conformation of HA that inhibits the binding of another aggrecan close by (i.e.,
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negative cooperativity). However, in the presence of link protein, uninterrupted 

regions of bound protein form (Morgelin et al. 1988; Morgelin et al. 1995), consistent 

with the presence of protein-protein interactions where cLP stabilises aggrecan to 

form an undissociable cooperative ternary complex with HA (Hardingham 1979). As 

discussed above, distinct, cooperative complexes also form between VG1 and HA in 

the presence of cLP (Chapter 4), where the protein-protein interaction most likely 

occurs between both Link module domains (see above), rather than via the Ig domain 

(Matsumoto et al 2003). Thus, factors such as these might underlie the observed 

differences in cooperativity exhibited by aggrecan and versican both alone and in the 

presence of link protein. The biological ramifications of these physical differences, 

and whether the positive cooperativity displayed by VG1 alone has any in vivo 

function, remains unclear at present. It is tempting to speculate whether this positive 

cooperativity is contributing to the disruption of cell adhesion and promotion of 

proliferation observed when VG1 is over expressed in NIH3T3 fibroblasts (Yang et 

al. 1999). However, further studies are required to establish if the cooperativity 

implied by the EMSA experiments could indeed occur in vivo, and whether its nature 

is similar to the interaction between versican and link protein (i.e., involving Link 

module-Link module interactions). Although longer HA oligosaccharides (i.e., 24-, 

32- and 40-mers) also showed potential for multimeric binding to sites to cLP by gel 

filtration (Figure 4.6), no difference in competition was observed between HA 10- 

mers and polymeric HA (Figure 3.7). Additionally, given the lack of material, EMSA 

experiments using cLP such as those performed for with VG1 (Figure 5.12) were not 

performed. Future EMSA experiments with both cLP and AG1 will help shed light 

on these interactions.
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With regard to the production of fluorescently labelled HA oligosaccharides, it was 

essential that highly characterised proteins (cLP, VG1 and AG1) were used for the 

assessment of their binding activities. One of the more intriguing results obtained 

from the studies using fluorescent HA oligosaccharides was the ability of VG1 to 

quench the fluorescence upon binding indicating that Fluorescent Resonance Energy 

Transfer (FRET) type experiments can be pursued. This technique involves the 

distance-dependent interaction between the electronic excited states of two 

fluorophores where the excitation is transferred from a donor fluorophore to an 

acceptor fluorophore without emission of a photon (Stryer and Haugland 1967). In 

most applications, the donor and acceptor fluorophores are different, in which case 

FRET can be detected by the appearance of sensitised fluorescence of the acceptor or 

by quenching of donor fluorescence. In our experiments the donor fluorophore was 

the 2AA-labelled HA oligosaccharides and the acceptor or quenching fluorophores 

are most likely the tyrosines in the HA-binding site of the protein (see Figure 2.1). 

Given that all functional members of the Link module superfamily have tyrosines in 

their binding grove (Mahoney et al. 2001b; Blundell et al. 2003), FRET type 

experiments can be used to assess the binding kinetics between members of the Link 

module superfamily and HA oligosaccharides labelled with 2AA. Fluorescent 

labelling of hyaluronan oligosaccharides could also be useful in cell culture 

experiments for monitoring oligosaccharide protein interactions as observed 

previously for fluorescein-labelled hyaluronan (Evanko and Wight 1999). Since the 

2AA is quenched by the binding of Link modules, labelling oligosaccharides with 2- 

aminoacridone (AMAC) may be a more suitable given its emission wavelength is 

higher than 2AA (see Table 5.1) making the sugars less likely to be quenched. 

Although AMAC labelled heparin oligosaccharides have been reported to be
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biologically active (Lyon et al. 2004) it remains uncertain how AMAC labelling will 

effect HA oligosaccharides. Clearly, fluorescent labelling of HA oligosaccharides 

could prove to be a highly effective method for the investigation of HA-protein 

interactions in vitro.

In summary the major results of this work are as follows:

• Cartilage link protein (cLP) and the Gl-domains of aggrecan (AG1) and 

versican (VG1) expressed in Drosophila S2 cells were purified to 

homogeneity either by reverse-phase HPLC or high resolution ion-exchange 

chromatography.

• All three proteins contained TV-linked glycosylation as assessed by both SDS- 

PAGE and MALDI-TOF mass spectrometry before and after PNGase F 

treatment.

• All three proteins were demonstrated to be functionally active with regard to 

HA binding as reported previously for the native proteins.

• All three proteins maintained their functional activity after biotinylation and 

bVGl and bAGl were used to stain hyaluronan in tissue.

• cLP and VG1 but not AG1 maintained their ability to bind HA after PNGase F 

treatment on solid phase microtitre plate assays.

• Longer HA oligosaccharides (HA24, 32 and 40) could accommodate more 

than one cLP or VG1 molecules.

• HA40 but not HA32 was capable of accommodating two AG1 molecules.

• AG1 interacted with cLP in both solution phase (gel filtration and cross- 

linking/MALDI-TOF MS) and solid phase microtitre plate assays.
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• VG1 did not interact with cLP in solution phase experiments but did on 

microtitre plate assays.

• VG1 and cLP formed ternary complexes in the presence of HA 

oligosaccharides of 24 but not 20 sugars in length.

• PNGase F treated AG1 and VG1 maintained their ability to form ternary 

complexes with cLP.

• HA oligosaccharides labelled with 2-aminobenzoic acid from four to 40 sugars 

in length were purified to homogeneity by ion exchange chromatography 

using a logarithmic gradient.

• Molecular weight and purity characterisation of HA oligosaccharides is 

facilitated by 2AA derivatisation since it enhances signals in MALDI-TOF 

mass spectrometry and improves FACE (fluorophore-assisted carbohydrate 

electrophoresis) analysis by avoiding the inverted parabolic migration 

characteristic of 2-aminoacridone (AMAC) labelled sugars.

• The small size and shape of the fluorophore maintains the biological activity 

of the derivatised oligosaccharides, as demonstrated by their ability to 

compete for polymeric hyaluronan binding VG1, AG1 and cLP.

• An electrophoretic mobility shift assay was used to study VG1 binding to 

labelled HA 8-, 10-, 20-, 30- and 40-mers and, although no stable VG1 

binding was observed to labelled 8-mers, the equilibrium dissociation constant 

(100 nM) for VG1 with HA 10 was estimated from densitometry analysis of 

the free oligosaccharide.
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